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ALEKSEI VASIL'EVICH SHUBNIKOV 


Aleksei Vasil'evich Shubnikov was born in Moscow on Match 17, (29), 1887. He lost his father, who was 
a business clerk, at an early age; but through the efforts of his mother he won a scholarship to one of the best 
secondaty schools in Moscow, the Imperial Commercial School, which was also attended at other times by 
I, A. Goncharov and S. M. Solov'ev. The brothers, N. I. and S, 1. Vavilov, were schoolmates of Shubnikov. 


In 1908, after being graduated from the secondary school with honors and with the title of Bachelor of 
Commerce Shubnikov was enrolledin the Physico-Mathematical Faculty of Moscow University to specialize in 
physical chemistry, He published his first articles in the journal "The Physics Amateur,” during his university 
years. During his first year he was attracted by the lectures on crystallography given by Iu. V. Wulff, Ia. V. 
Samoilov and V. I. Vernadskii and decided to specialize in this field without officially changing his specialty 
of "physical chemistry." 


In 1910 Shubnikov began to work in Wulff's laboratory and soon became the latter's assistant, During 
the next year he published the results of his first independent experimental investigation, on the symmetry of 
potassiurn bichromate crystals. In order to obtain a diploma of the highest grade it was necessary to submit 
a second paper, This was an investigation of the influence of the degree of supersaturation of a potash alum 
solution on the shape of the precipitated crystals, The results were subsequently published and Shubnikov 
frequently returned to this work. 


After his graduation from the university with a first-grade diploma, in order to perform his military service 
Shubnikov joined one of the regiments of grenadiers stationed in Moscow. This enabled him to continue 
scientific investigations which he had begun together with Wulff. This work was intetrupted by the outbreak of 
the First World War in 1914, Shubnikov was called into the army with the rank of ensign and was sent to the 
front, where he was soon seriously wounded. After his recuperation he was appointed a military chemist and 
wotked in munitions plants from the beginning of 1915 until 1918, 


In 1919 Shubnikov finally returned to his scientific work, at first in the Shaniavskii University and then, 
in 1920, at the newly established Ural University in Ekaterinburg (Sverdlovsk), where he was appointed professor. 
During his stay in Sverdlovsk from 1920 to 1925 Shubnikov organized a department of crystallography and a 
research laboratory which immediately became closely associated with the Ural diamond-cutting factory. 
Shubnikov enthusiastically undertook the development of rational methods of grinding and polishing precious 
and industrial stones. In particular, he organized the production of quartz wedges for microscopes and of other 
crystal optical products at the factory. In his publications during these and later years we find papers on a disk 
saw for the cutting of small stones, on the grinding and polishing of stones, on the preparation of crystalline 
products,etc. These practical labors grew with time into a great branch of science and Shubnikov can with 
complete justification be regarded as the founder of applied crystallography in the USSR. 


In his teaching Shubnikov was the first in the USSR to make extensive pedagogical use of the basic 
instrument of modern geometric crystallography, the Wulff net, and was the author of the first textbooks based 
on its use, 


By 1925 Shubnikov's reputation was so great that when the chair of crystallography at Leningrad University, 
which had previously been held by Academician A. E. Fersman, became vacant it was immediately offered to 
Shubnikov. In addition, he was invited by Fersman to work in the Mineralogical Museum of the Academy of 
Sciences at Leningrad. Soon afterwards, when the death of Wulffleft the chair of crystallography vacant at 
Moscow University, Shubnikov was asked to take the place of his beloved teacher. But he declined to participate 
in either competition and concentrated on his work for the Academy of Sciences as a senior research associate 
of the Mineralogical Museum, in which he headed the department of crystallography. 


In 1927 and 1929 Shubnikov was sent abroad to familiarize himself with the status of crystallographic 
and x-ray investigations. He visited the crystallographic institutions of Germany and Norway and worked for 
some time at the Institute of Mineralogy and Crystallography of Leipzig University under Rinne. 


In Leningrad Shubnikov considerably enlarged the range of his scientific and technical interests by working 
in the Radium Institute, the Physico-Technical Institute, the Central Radio Engineering Laboratory, the Leningrad 
divisions of the Institute of Applied Mineralogy and in the Ceramics Institute. At that time he assisted in the 
organization of a great laboratory for the processing of precious and industrial stones connected with the combine 
"Russian Gems," which still exists under a different name. During this period he conducted a large number of 
experimental investigations concerning the practical utilization of the piezoelectrical properties of quartz, and 
with the determination of the role of the environment as an integral factor in. crystal formation, and he 
published a number of theoretical papers on symmetry, expecially on the symmetry of the continuum, which 
to some extent is contrasted with the symmetry of the noncontinuum in a crystal regarded as a medium, This 
fruitful activity of Shubnikov received public recognition in 1933 when he was appointed a corresponding member 
of the Academy of Sciences of the USSR. 


During his Leningrad period Shubnikov was surrounded by a group of students and colleagues among whom 
were G, G, Lemmlein, G. B, Bokii B. V. Vitovskii, E. V. Tsinzerling and others, 


In 1934 the Academy of Sciences was transferred to Moscow by governmental decree. This transfer was 
followed by the transformation of the crystallography division of the Lomonosov Institute of the Academy of 
Sciences, then heated by Shubnikov, into an independent Institute of Crystallography. Fedorov and Wulff had 
hoped for the establishment of such an institute, which Shubnikov was able to accomplish. 


The first step in this direction was the conversion of the crystallography division of the Lomonosov 
Institute into an independent Crystallographic Laboratory of the Academy of Sciences. At first this laboratory 
remained in the Department of Geological and Geographical Sciences, but was later transferred to the Depart- 
ment of Physical and Mathematical Sciences. 


Shubnikov then had to change his rule of being the “soul” of all work issuing from his division because 
the laboratory had expanded its scope to include such departments as x-rays, electron diffraction, the growth 
of industrial crystals, the mechanical properties of crystals,etc. During these years Shubnikov wrote a numter 
of large monographs on crystallography. The first of these was "How Crystals Grow" in 1935, which was a 
reference book for everyone concerned with the growth of crystals. Almost at the same time there appeared 
"Quartz and its Uses" (1940), "Symmetry" (1940), and the "Elements of Crystallography" written in collaboration 
with E. E, Flint and G, B, Bokit in 1940. A large number of shorter but always brilliant papers and lectures 
by Shubnikov were devoted to the introduction of the fundamental crystallographic concept of symmetry and the 
associated way of thinking into related sciences, principally physics and chemistry. During this period 
Shubnikov made a very great discovery: he brought into realization and studied piezoelectric textures whose 
possibility he had predicted from a study of the theory of piezoelectricity. 


At the end of 1937 Shubnikov organized andheaded the laboratory of combine No. 13 of the Ministry of 
Electrotechnical Industry, out of which during the war there grew a special factory which has now been trans- 
formed into a research institute, He was similarly connected with other research and industrial organizations, 


No 


In 1941, at the beginning of the Second World War, the Crystallographic Laboratory was evacuated to the 
Sverdlovsk region, where it very soon was switched to important war work on supplying the communications 
service of the army and heavy industry with piezoelectric devices. While engaged in this work Shubnikov 
completed a book on piezoelectric textures for which he was awarded a Stalin Prize in 1947. 


In 1947 the Laboratory returned to Moscow, In the following year, at the suggestion of the Presidium of 
the Academy of Sciences, the Council of Ministers of the USSR transformed it into the Crystallographic Institute 
of the Academy of Sciences of the USSR. Shubnikov's closest collaborators at this time, in addition to those 
previously mentioned, were N. V. Belov, L. M. Beliaev, Z. G. Pinsker, N, E. Vedeneeva, M. V. Klassen-Nekliudova, 
N. N. Sheftal', A. S. Shein and others, 


Twelve years after the organization of the Institute it has become on of the great research institutions of 
the country. At the same time its material and technological equipment has been expanding, At the present 
time new buildings are being erected. Some of these are already being used, such as the machine shops, 
high pressure and high temperature laboratories and an independent department of low-temperature crystallography. 
Shubnikov's attention to the practical work of the Institute did not prevent him from continuing important theoreti- 
cal studies. In 1947 there appeared his book "The Formation of Crystals," which is a thorough revision of his 
classic work "How Crystals Grow." A large number of Shubnikov's original ideas on crystal optics appeared in 
1950 in his "Optical Crystallography,” with very unusual illustrations executed by the author himself, In 1951 he 
published his book "The Symmetry and Antisymmetry of Finite Figures” in which he attempted to make practical 
use of four-dimensional crystallography. His new ideas unexpectedly found an application in the structural 
analysis of crystals, as was shown simultaneously by B, K. Vainshtein, a member of the Crystallographic Institute 
and the Englishman W. Cochran, From the study of antisymmetry the 230 Fedorov space symmetry groups can 
be replaced by 1651 infinite Shubnikov symmetry and antisymmetry groups which include the 230 groups as a 
special case. 


At almost the same time that the Crystallographic Institute was established Shubnikov was instrumental 
in establishing the specialty of solid-state physics atGor'kii University, where he went to give brief courses for 
two years, after which this work was turned over to his assistants. 


In 1955 there appeared a new book, "A Study of Piezoelectric Textures," which Shubnikov wrote in col- 
laboration with I. S. Zheludev, V. P. Konstantinova and I, M. Sil'vestrova. 


Shubnikov's great creative activity, which is reflected in 250 published works, received official recognition 
in 1953 when he was elected an Academician in the Division of Physical and Mathematical Sciences of the 
Academy of Sciences USSR. 


In the same year, 1953, Shubnikov headed the department of crystal physics in the physics faculty of 
Moscow University. He was attracted by the possibility of expounding the subject matter of crystallography and 
crystal physics to mathematics and physics students, using the language of the exact mathematical sciences and 
the tensor notation. In his skillful and creative mastery and development of the tensor method Shubnikov has 
been a successor of the most eminent crystallographers and crystal physicists of recent times — Curie, Fedorov, 
Voigt and Wulff. At the present time a creative group has assembled around Shubnikov, consisting of G. G. 
Lemmlein, V. R. Regel' and Shubnikov's young students V. A. Koptsik and I. S. Zheludev. 


The great results of the activity of the Institute during the last ten years were summed up by Shubnikov 
himself in his address at the annual meeting of the Academy of Sciences on February 2, 1956, which was published 
in a profusely illustrated brochure during the same year. Shubnikov's merits were also recognized by a second 
Stalin Prize in 1950 as well as by the awarding of the Order of the Red Banner of Labor in 1945 and the Order of 


Lenin in 1953. 


Aleksei Vasil'evich Shubnikov is now doing much work towards the development and strengthening of 
scientific relations between Soviet crystallographers and foreign scientists. In 1945 he was elected an honorary 
membter of the English Mineralogical Society and in 1947 became an honorary member of the French Mineralo- 
gical Society. In 1946 he participated in the work of the committee for the organization of the International 
Crystallographic Union and of its official organ "Acta Crystallographica," The name of this journal was sug- 
gested by him. 


At the present time Shubnikov is full of productive energy directed toward the solutions of great theoretical 
and practical problems which have been entrusted to the Crystallographic Institute of our nation, We wish 
Aleksei Vasil'evich Shubnikov many years of life, health and further success for the benefit of Soviet science. 


SYMMETRY AND VARIOUS KINDS OF ANTISYMME TRY 
OF FINITE BODIES 


A. M. Zamorzaev, E. I. Sokolov 


Shubnikov antisymmetry can be generalized to a different kind 
of antisymmetry by assigning not one, but two, three, or more signs 
with different meanings to the points of a body. The general theory 
is developed, and a classification is given for symmetry groups and 
different kinds of antisymmetry groups, after which we calculate the 
number of finite crystallographic groups of these types, This calcu- 
lation is nontrivial for the case of two and three signs, but becomes 
trivial for finite bodies if four or more signs are used. 


1. The concept of antisymmetry introduced by A. V.Shubnikov consists of the following: a) to each 
point of a body undergoing transformation we assign a positive or negative sign; b) symmetry transformations 
are called those isometric* transformations which do not change a sign, and antisymmetry transformations 
are those which change a sign [1, 2]. The groups of symmetry and antisymmetry transformations are naturally 
divided into three types: a) those not containing antisymmetry transformations ("generating" groups), b) those 
containing anti-identity transformations ("major" groups), and c) those containing antisymmetry transforma- 
tions without any anti-identity ("minor" [4]). 


Symmetry and antisymmetry groups of finite bodies were investigated by Shubnikov himself; in generalizing 
32 crystallographic symmetry ("generating") groups, he found 32 "major" and 58 "minor" groups [1-3], The 
derivation of the "minor" groups with the separation of the dissimilar ones among them was the nontrivial 
part of the problem he solved, which was later extended to infinite space groups [4,5]. 


Let us assign two signs to each point of the body undergoing transformation; these will be either ++, or + -, 
or—+, or—~— [2]. Let us call symmetry transformations those isometric transformations which change none of the 
signs, and antisymmetry transformations of kind I, II or III (mixed)those isometric transformations which change 
only the first, only the second, or both signs, respectively. Antisymmetry of the third (mixed) kind can also be 
called antisymmetry of kind (1, 2). 


The present work is devoted to a study of this generalization of Shubnikov groups for finite bodies, 


2. It is easily seen that the method for deriving symmetry or any type of antisymmetry groups represents 
nothing new, and is based on theorems 1 and 2 given by Zamorzaev [4]. For the derivation of groups of 
essentially new structure, we indicate some new theorems. 


Theorem 1. Every group of symmetry and antisymmetry transformations of more than one kind contain 
antisymmetry transformations of all three kinds, and contains three subgroups of index 2, each of which consist 
of the set of all symmetry transformations and the antisymmetry transformations of one kind, 


Corollary. Every group of symmetry and antisymmetry transformations of more than one kind contains 
a subgroup of index 4 consisting of the set of all its symmetry transformations, and this subgroup is the inter- 
section of three different subgroups of index 2 in the given group. 


* Isometric transformations are those which donot change distances between points. 


Theorem 2. Any group of symmetry and antisymmetry transformations can be obtained from a group of 


symmetry transformations in one of the following ways: 
a) by extending it with an anti-identity of any kind as a generating element; 
b) by extending it by two anti-identity elements of different kinds as generating elements; 


c) by replacing all the elements of a coset of a subgroup of index 2 by the corresponding antisymmetry 


transformations of one kind; 


d) by extending the group obtained by c) by a generating element which is the anti-identity of a kind 
not already contained in the group; 


e) by replacing all the elements in each of the three cosets of one of its subgroups of index 4 (which is 
the intersection of three different subgroups of index 2) by the corresponding antisymmetry transformations of 
any kind (using different kinds for different cosets), 


It is important to prove here that any group of symmetry and antisymmetry transformations of more than 
one kind is obtained from some symmetry group by one of the methods b, d, ore, corresponding to extending 
the given group by more than one anti-identity, a single anti-identity, or no anti-identity. 


Let us classify the groups of symmetry and various kinds of anti-symmetry transformations, 


We shall call a family any set of symmetry and antisymmetry transformation groups which can be obtained 
from a single symmetry transformation group by one of the methods given in the theorem. We shall call the 
symmetry group the generating group. 


The remaining groups of the family, depending on the method by which they are derived, are of the 
following type: 


a) those containing antisymmetry transformations of one kind with an anti-identity, or major groups of 
kind of I, II, or III; 


b) that containing the anti-identity of two (and therefore three) kinds, or the major group of all three 
kinds; 


c) those containing antisymmetry transformations of only one kind without the anti-identity, or minor 
groups of kind I, II, or III; 


d) those containing antisymmetry transformations of all three kinds with only one kind of anti-identity, 
or a major group of this kind (I, II, or III) and a minor group of some other kind; 


e) those containing antisymmetry transformations of all three kinds without anti-identities, or minor 
groups of all three kinds, 


Our problem is to calculate the number of all finite crystallographic groups of the above types. As is 
known, there are 32 generating groups; it is clear that there are 32 groups of each kind corresponding to type 
a), as well as 32 of type b), It is easily seen (see Section 1) that there are 58 groups of each kind of type c), 
and it is clear that there are also 58 groups for each case of type d). 


The nontrivial problem is the derivation of all minor groups of more than one kind, that is of groups of 
type d). This derivation is most easily performed by replacing various elements of each of the 32 generating 
groups by the corresponding antisymmetry transformations of different kinds. In addition, one must count the 
number of repetitions in each family of groups obtained, and count the number of different groups. 


3. Let us introduce the following notation for the symmetry and antisymmetry elements of various 
kinds (for finite bodies): 


n is an axis of revolution of n-th order, 

n is an anti-axis of rotation of kind I of n-th order, 

n’ is an anti-axis of rotation of kind II of n-th order. 
n' is an anti-axis of rotation of kind III of n-th order, 
N is a reflection-rotation axis of n-th order; 


n, ny n' are reflection-rotation anti-axes of kind I, Il, and III of n-th order. 
m is a symmetry plane, 


m, 


m', m’ are antisymmetry planes of kind I, II, and III. 


The symbols for the symmetry and antisymmetry elements are used to denote the groups corresponding 


to them [1]. 


We shall use a centered dot+ to indicate that the elements of symmetry and antisymmetry are parallel, 


anda colon : 


to indicate that they are perpendicular [1]. 


We here present the most important theorems on the relation between the symmetry elements and various 
types of antisymmetry elements, 


Theorem m A. 


Two double axes (anti-axes of the same kind) intersecting at an angle of n/n are equivalent 


to an n-th order axis perpendicular to them and either one of the original axes; 


a double axis and an anti-axis of any kind intersecting at any angle of 7/n are equivalent to an n-th order 
anti-axis (of the same kind) perpendicular to them and either one of the original axes; 


two double anti-axes of different kinds intersecting at an angle of /n are equivalent to an n-th order 
anti-axis (of the other kind) perpendicular to them and either one of the original axes. 


Theorem B. Two planes (anti-planes of the same kind) intersecting at an angle of m/n are equivalent to 
an n-th order axis along their intersection line and either one of the original planes; a plane and an anti-plane 
of any kind intersecting at an angle of 1 /n are equivalent to an anti-axis (of the same kind) of n-th order along 
their intersection line and either one of the original planes; 


two anti-planes of different kinds intersecting at an angle of 1/n are equivalent to an anti-axis (of the 
third kind) of n-th order along their intersection line and either one of the original planes. 


These theorems can be used to identify the equivalent minor groups of more than one kind in each family. 


We here give all such different groups. 
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The symbol / is used to designate obliquely oriented axes [1]. 


4, It is natural to extend the concept of antisymmetry further by assigning 2 + or — signs to each point 
inl different ways (where 7Z is an arbitrary integer); we then use the following terminology: 


a symmetry transformation is an isometric transformation which changes none of the signs; 


an antisymmetry transformation of the j-th kind is an isometric transformation which changes only the 
{-in:sign (with jf ="1,°2) 6.551); 


an antisymmetry transformation of the (j, k)-th kind is an isometric transformation which changes only 
the j-th and k-th signs (1 = j = k Sl); an antisymmetry trans formation of the (1, 2...J )-th kind is an isometric 
transformation changing all J signs; 


there exist 2!-1 different types of antisymmetries. 
The casel =1has beeninvestigated both for finite and infinite groups [1-5]. 


The case 1 = 2 has been investigated for finite groups in the thesis of E. I. Sokolov in 1954 at the Kishinev 
State University; the results of these investigations have been presented above in the present article. At the 
present time investigations are being performed at the Kishinev State University for this case with infinite 
space groups (generalized Shubnikov groups); in particular, the 1956 graduates Sh. Tolpalar’ and K, Slonovskii 
have developed the general theory in detail and have investigated the parallel and antiparallel displacement 
subgroups of various types in the generalized Shubnikov groups (37 essentially new subgroups were found), 


Let us consider the case = 3 in more detail; this has been investigated for finite groups by the 1955 
graduates of the Kishinev State University E. Dubianskaia and V. Naftalin. 


In this case there exist seven different kinds of antisymmetries. If in a set of three anti-identities any 
one is the product of the other two (in which case each one is a product of the other two), we shall call these 
anti-identities dependent; if three anti-identities are not so related, we shall call them independent. Similarly, 
three different kinds of antisymmetries can be called dependent or independent, 


The general theory is developed in a similar way, making it possible to classify new groups according 
to the method by which they are derived from some symmetry group (called the generating group, of which 
there are 32), All other groups are of the following types: a) major groups of one kind (of which there are 32 
of each kind); b) major groups of two (three dependent) kinds (of which there are 32 of each case); c) major 


groups of three independent (all seven) kinds (of which there are 32); d) minor groups of one kind (of which 

there are 58 of each kind); e) minor groups of one kind (actually two) and major of another kind (of which 

there are 58 of each case); f) minor of one kind (actually of four) and major of two (three dependent) kinds (of 
which there are 58 for each case); g) minor of two (three dependent) kinds (of which there are 116 for each case); 
h) minor of two (actually of six) kinds and major of one kind independent of these two (of which there are 116 


for each case); and i) minor of three independent (all seven) kinds, The derivation of the groups of this last 
type is the nontrivial part of the further investigation. 


Let us extend the notation for the symmetry elements and various types of antisymmetry elements, 

n, n', *n represent anti-axes of rotation of kind I, II, and III, respectively, of n-th order; 

n',*n, *n', *n’ represent anti-axes of rotation of kind (1, 2), (1, 3), (2; 3).anl (1,:2;, 3) of n-th order; 
similar notation is used for reflection-rotation anti-axes and reflection antiplanes. 


V. Naftalin has given a list of all groups of type i), using the results of E. Urnanov (a 1954 graduate of the 
Kishinev State University) whoreformulated A. V. Shubnikov's results in matrix form [1]. We give a brief 
summary of this listing below. 


All such groups are in three families generated by the groups whose forms m:n:m with n = 2, 4, and 6. 


For n = 4 and n = 6 all the different groups are: 


pm 7 0's m', as well as all groups obtained from groups a)-g), j)-1), 0) and p) by all permutations of the 
symbols —, ', and *, and from groups h), i), m), and n) by all cyclic permutations of these symbols; there are 
84 such groups; for n = 2 the groups we obtain are a)-d), f.), h), and i), as well as all groups obtainable from 


a), b), and d) by all permutations of the above symbols and from groups c), f), and i) by all cyclic permutations; 
there are 28 such groups. 


The total number of different groups is 28 + 2°84 = 196. 


For 1 > 3, no nontrivial problems exist for finite bodies, since none of the 32 finite crystallographic 
symmetry groups has a subgroup of index 2! which is an intersection of 2! —1 subgroups of index 2/1, In the 
case of infinite space groups new nontrivial calculations will occur up to? = 6, but no further. 
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GENERALIZATION OF FEDOROV GROUPS 


A. M. Zamorzaev 


We give a method, its theoretical basis, and a summary 
of results for deriving space symmetry and antisymmetry groups 
(black-white, or Shubnikov groups); the work was performed by 
the author in 1953 in his candidate's dissertation, Group theory 
is used to develop the general theory of Shubnikov groups, using 
a practical method of deriving them from Fedorov groups which 
has been previously applied by A. V. Shubnikov to the study of 
the symmetry and antisymmetry of finite bodies. The author has 
been delayed somewhat in the publication of the list of Shubnikov 
groups, which has since been published by N. V. Belov [8] who 
obtained them by a different method in 1954, 


1. We shall define a Fedorov group as a group of spatial symmetry transformations (which we shall call 
homologous) with the following properties: 1) there exists a sphere of sufficiently large radius R such that no 
matter where it is located in space there lie within it homologous images of any arbitrary previously given point 
of space (homogeneity) and 2) there is at least one point in the space which has no homologous images arbitrarily 
close to it (discreteness), 


The most important result of Fedorov groups is the periodicity of the space under parallel displacements, 
which follows from the fundamental theorem [3]. Of no less importance is the association both of the group of 
"rotations" [3] among the transformations of a given Fedorov group and of the translation subgroup of this latter 
group (for the corresponding Bravais lattice symmetry) with one of the seven syngonies, The combination of the 
syngonies of fourteen lattice types with the 32 "rotation" groups leads first to the symmorphic and then to the 
hemisymmorphic and asymmorphic Fedorov groups. 


Let us now assign positive (+) or negative (—) signs to the points of space and define a Shubnikov group 
as a group of symmetry and antisymmetry transformations, which we shall call homologous and antihomologous, 
respectively, which fulfills the following requirements: property 1) (homogeneity) is now fulfilled by both 
homologous and antihomologous images of a point, and property 2) (discreteness) is maintained in its previous 
form. 


2. We indicate the most important theorems in the development of the general theory of Shubnikov groups. 


Theorem 1. Any group of symmetry and antisymmetry transformations* has a subgroup of index 2 consisting 
of symmetry transformations, 


Theorem 2, Any group of symmetry and antisymmetry transformations* can be obtained from some group 
of symmetry transformations either by extending it with all antisymmetry transformations corresponding to its 
elements, or by replacing all the elements of the coset of one of its subgroups of index 2 by the appropriate 
antixymmetry transformations, 


* We are speaking of a group having at least one antisymmetry transformation, 
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Theorem 3, A group of symmetry and antisymmetry transformations which contains no anti-identity 


transformation is isomorphic to that group of symmetry transformations from which it is obtained by the second 
of the above methods, 


The set of groups obtainable by the two above methods from a given group of symmetry transformations 
shall be called the family generated by this group; the groups derived from it by the first or second method will 
be called major or minor groups of the family, respectively, It is easily seen that different families have no 
common groups, 


Theorem 4, In every family, a major group is the direct product of tie generating group and the group 
consisting of the identity and anti-identity transformations, 


Theorem 5, Every Shubnikov group which is not a Fedorov group has a subgroup of index 2 which is a 
Fedorov group. 


Theorem 6 (fundamental), Every Shubnikov group is either a Fedorov group or can be obtained from a 
Fedorov group either by extending it withall the antihomology transformations corresponding to its elements, or 
by replacing all the elements of the coset of one of its subgroups of index 2 by the appropriate antihomology 
transformations. 


These theorems do not follow simply from Theorems 1 and 2, since requirements 1) and 2) entering into 
the definition of a Fedorov group must yet be verified. 


Corollary. Every Shubnikov group contains a parallelopiped subgroup of parallel translations and anti- 
translations which is either a translation subgroup of the generating Fedorov group or can be obtained from it by 
one of the methods given in Theorem 2, 


Theorem 7 (converse). Every group of symmetry and antisymmetry transformations obtainable from a 
Fedorov group by one of the methods given in Theorem 6 is a Shubnikov group. 


It is seen from the above theorems that the family generated by every Fedorov group consists entirely 
of Shubnikov groups and that Shubnikov groups are naturally separated into three fundamental types: 


1) the Shubnikov groups which transform "polar" (single color) spaces and consist only of symmetry trans~ 
formations (generating groups); these are the already known 230 Fedorov groups (among which 219 are not iso- 
morphic), 


2) Shubnikov groups transforming “neutral” (grey) spaces and containing anti-identity transformations 
(major); each of these is the direct product of one and only one Fedorov group (which is then a subgroup of 
index 2) by a group of order two generated by an anti-identity transformation; none of these groups are iso- 
morphic to any Fedorov group; there are also 230 of these (among which 219 are not isomorphic). 


3) Shubnikov groups which transform spaces of "mixed polarity" (black-white), containing antisymmetry 
transformations without the anti-identity (minor groups); every such group can be isomorphically mapped onto 
one and only one Fedorov group, and their common subgroup of index 2 maps onto itself identically, whereas the 
elements of the coset of this subgroup which map onto each other differ only in an anti-identity transformation. 


Every group of type 3) is isomorphic to some group of type 1), so that the number of all Shubnikov subgroups 
which are not isomorphic to each other is 438, 


Let us call Shubnikov groups equal or the same if they are not only isomorphic, but have Fedorov subgroups 
which map onto each other under isomorphisms of the Shubnikov groups being compared. It is easy to see 
that only Shubnikov groups of a given family can be equal to each other, 


The only nontrivial derivation is that of the minor (that is black-white) Shubnikov groups, and for this 
derivation the following is sufficient: 


1) To derive all possible minor Shubnikov groups by the method given in Theorem 6; this problem can 
be carried out in practice by replacing some of the symmetry transformations in a finite set of generating 
elements of each Fedorov group by the corresponding antisymmetry transformations, * 


* This is essentially the Shubnikov method [1]. 


ila 


2) To find all the equal groups among the Shubnikov groups obtained in this way from each Fedorov group, 
and to eliminate those which are repetitions, 


3) To prove the inequality of all the remaining groups. 


In order to simplify this nontrivial problem, we shall break it up into the following steps: a) we shall 
derive from each "rotation" group all the minor groups, find the equal ones in each family, and eliminate 


repetitions, 
b) We shall do the same with each translation subgroup. 


c) We shall derive minor Shubnikov subgroups by families, combining generating translation groups with 
"minor rotation” and "antirotation" groups, and minor translation and antitranslation groups either with genera- 
ting "rotation" groups or with minor “rotation” and "antirotation" groups, as this is done with generating trans- 
lation and "rotation" groups in deriving the generating Fedorov groups [3]; in the process we shall find the equal 
Shubnikov groups and eliminate repetitions among those found in each family, which will conclude the problem. 


3, Step a) has in fact been solved by A. V. Shubnikov, From the 32 generating "rotation" groups 58 minor 
"rotation" and “antirotation" groups have been obtained [1, 5]. 


Step b) has been performed in general and published [8], and the present author's results are in complete 
agreement with those; the author is motivated by differences in the method and notation to publish his results 
for this step using his own method (which is basically the same as the above-mentioned method of A. V. 
Shubnikov). 


If we consider the family generated by a Fedorov group and the family generated by the translation sub- 
group of this Fedorov group, we find that not every minor group of the second of these families is a translation 
and antitranslation subgroup of at least one of the minor groups of the first family. Thus when we speak of 
eliminating repetitions in step b), we are considering not only those which are repetitions of groups which have 
been already obtained,but eliminating also those groups which do not play the role of a subgroup in the Shubnikov 
groups. We shall call this in general elimination of superfluous groups, and must give a practical criterion for 
performing the elimination in this sense, 


According to the general theory, that Shubnikov group,for which the group of parallel translations and anti- 
translations is a minor group in its family,has a"rotation” group in common with the generating Fedorov group and 
therefore with their common Fedorov subgroup of index 2 (in this case the group of “rotations” and "antirotations” 
of the given Shubnikov group is a major group), Therefore the generating Fedorov group and its subgroup of index 
2 being considered are related to the same syngony, and their parallel translation subgroups should correspond to 
the Bravais parallelopiped related to one syngony. Thus in order that a given minor group of a family generated 
by one of the parallelopiped translation subgroups be one of the ones we are looking for, it is necessary and 
sufficient that its translation subgroup and generating translation group be related to one syngony. 


Let us denote as elementary the parallel translation (or antitranslation) through the smallest possible distance 
in a given direction, and the vectors corresponding to these elementary translations by a, b, c,...(or a,'b, c,...). 


To the subgroup of parallel translations and antitranslations of a minor Shubnikov group there corresponds 
an additive group generated by the triad of elementary vectors a (or a), b (or b), and c (or c), which we shall 


denote [9] by {a. b, c,} (or {a, b, cl, fa, b, cf , {a. b, c}. fa, bec} : {2, b, ch {a. b, St , OF {a, b,c } ). 
Here we have enumerated all the minor groups of the family generated by the group Ja, b, c}; the cor- 
responding translation subgroups in these minor groups are of the form{2a, b, c}, {a, 2b, c}, {a, b, 2c}, 
{2a, a+b, c}, {2a, b, a+c}, {a, 2b, b+c} or {2a, a+b, a+ct}. 
If we agree to denote the elementary vectors along the edges of the Bravais parallelopiped by ay, ag, a3, 
the translation groups corresponding to various forms of Bravais parallelopipeds are denoted by 
1) {a,, @,, a3} (empty Bravais parallelopiped); 


2) {a Ay, ae (centered Bravais parallelopiped); 


3) {ar, auanisg ash (base-centered Bravais parallelopiped); 


a,-4- a a 
4) {a1, * : a, — “| (face-centered Bravais parallelopiped); 
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5) {(ay, ag) ay }(the role of the Bravais parallelopiped is played by a base-centered prism with six faces 
whose side length is a3 and whose base has side lengths ay, ag and a + ag). 


The solution of the problem we have posed consists of sorting out all minor groups corresponding to the four- 
teen families (classified according to the syngonies), exhibiting the equal ones among them, and eliminating the 
superfluous ones according to the above-mentioned criterion. 


Let us investigate this process, as an example, for a square syngony, for which the generating translation 
group is of the form 


1) {a’, a", ag}; 2) fa’, at, SESE 


Here the sides a' and a" play the same role, but ag plays a uniqve role. 


. ' 
In case 1) the unequal minor groups are {a', a", a3}, {a’, a’, a3}, {a’, a", a3}, {a’, a", a3} and 
ta, a, a3}; considering their translation subgroups ({2a’, a”, a3}, {a’, We 2a3}, ae G4 0) day. 
{2a’, a’, a’ + a3} and {2a’, a’ +a", a’+ a;}) and using the previously mentioned criterion, we see 


that the groups {q’, a} {a’, a", ag} and {@', a", a3} are suitable, whereas the rest are superfluous. 


oe 
F . a’, +a" +a " 
In case 2) the different minor groups are { a’ a", ns, | {a’, (ie ae and 


, " , uw 
\a’, a” mot and they have the translation subgroups {a’, a”, a3}, 122"; a", cot} and 


2 2 


‘ u“ ize as 
{20’, culo Soe a ; it is seen from this that only the group {a OG cong is suitable, 
and the rest are superfluous. 


We now present a list of all. possible parallel translation and antitranslation subgroups in minor Shubnikov 
groups (the parentheses give the corresponding lattices according to Belov, et al. [8]): 


‘Triclinic syngony: {dy, G2, 3}(P), {a1, a2, a3} (Ps)- 
Monoclinic syngony: {@1, 42, a3} (P), {@1, G2, a3} (Pa) {d1, G2, a3} (Po), 
(44, day da} (Ca); | (ur do, @F*}(C), {ar, ae, AF} (Po), fay, ap, DE 
(Co). 
Orthogonal syngony: {a, a; as} (2); pepera (P35), {4, a2, a3} (C,), 
{a,, Qo, As} (Fs); {a A arth {a - a, + ag + ag P 1ta, 
fi» G2) 3 ua aed Ma YS Gamma Pad ot bcs ner ae Er “2} ( 1); {ar 2 


as} (C), {a1 , ae ash (Po); {a; - 2 > , as} (C.), Oe = = 1 a5}(T.); 


fon EH, HEN, fo, OEE, Ah Cy) 


y 
Rhombohedral syngony: RAE Sal as Cr eg ae ae) Ex 
‘Square syngony: {a’, a", d3}(P), {a', a", ay} (Pc), {a', a", as} (Pc), 
, ” : eee ta" + as Aa Oe ads + az | 
a’,@", a); {a’,a", Shy, fa’, Pee en) (Pr). 
Cubic syngony: {Ohh} OR) ofa’ re QAR): a’, ane 


AEN, fee EEE, fe 52 he 


Hexagonal syngony: {(a’, a")a3}(H), {(a’, a”) a3} (H.). 


* Letters with upper primes, rather than lower indices, denote translation and antitranslation vectors of equal 


lengths, 
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Thus the 14 generating translation groups lead to 22 minor translation and antitranslation groups. 


4, Let us now go on to deriving the Shubnikov groups themselves by the method given at the end of 


section 2. 


A symmorphic group is the product of a group of parallel translations by a group of “rotations” about a 
single point, and every minor group of the family it generates is obtained from it either by replacing the "rota- 
tion” group by some minor group in the family it generates, by a similar replacement of the translation group, 
or by both simultaneously. In order to find the equal groups among the minor ones of a given family, one uses 
theorems on the relation between symmetry and antisymmetry elements (not listed here) which are equivalent 
to the theorems given by Belov et al. [8]. The difference between different minor groups of a given family 
is not obvious when they have the same subgroups of translations and antitranslations (and if antitranslations 
do not exist, then only when they have the same subgroups of "rotations" and “antirotations”). 


Let us list, for example, the minor groups of the family generated by {a', a0 as} (4:2)* (30s by E. S. 
Fedorov, and P 42 by N, V. Belov); the brackets give Belov’s notation for these groups: 


{a’ja%,a3} (4: 2)(P42’), — {a’,a",a3} (4: 2) (P4’2), 
{a',a",a3} (4: 2) P4’2’), {a’,a", 3} (4: 2) (Pc 42), 
fa’,a",ay} (4: 2)(Pchy2), — {a",,"ag} (4 2) (PoA2), 

fa’,a",as) (4: 2)(Pc42,),  {a’,a" ag} (4: 2) (42). 


Altogether there exist 73 generating, 73 major, and 386 minor generalized symmorphic groups, 


A hemisymmorphic and asymmorphic group can be written as the product of its translation subgroup by 
the group generated by the transformations into which enter different "rotations." Then the group which is the 
second factor in this product also contains some translations, which must be borne in mind; therefore first one 
investigates all minor groups of families generated by these "second factors"; the restof the method for general- 
izing hemisymmorphic and asymmorphic groups is the same as that for symmorphic groups, 


Of generalized hemisymmorphic groups there are 54 generating, 54 major, and 297 minor groups, and of 
generalized asymmorphic groups there are 103 generating, 103 major, and 508 minor groups, 


The total number of all different Shubnikov groups is 1651, of which 1191 are minor. 


In his dissertation, the author [6, 7] has derived 1652 Shubnikov groups of which 509 are minor asym- 
morphic, Belov et al. [8], in their critical notes, give 15 groups supposedly omitted in the dissertation, and 
assert that 16 of the groups listed in the dissertation are the same as those previously derived. The last of these 
16 groups is indeed superfluous, so that their correction with respect to the total number ‘of Shubnikov groups is 
correct; the author disagrees, however, with the other corrections suggested by Belov and co-workers. 

LETERAT URE CEbED 
{1] A. V. Shubnikov, Symmetry and Antisymmetry of Finite Bodies [In Russian] (1951). 


[2] A. V. Shubnikov, "Recent developments in the science of symmetry and its applications,” General 
Meeting of the AN SSSR, October 14-17, 1944 (Moscow-Leningrad, 1945), 


[3] B. Delone, N. Padurov, A. Aleksandrov, Mathematical Elements of Crystal Structure Analysis [In 
Russian] (1934), 


[4] S. A. Bogomolov, "Derivation of orthogonal systems by the Fedorov method," 1, (1932); 2 (1934). ** 


[5] A. V. Shubnikov, "Erratum to Symmetry and Antisymmetry of Finite Bodies (1951);" Tr. Inst. Krist. 
Akad. Nauk 9, 383, 1954, 


[6] A. M. Zamorzaev, Generalization of Fedorov Groups (author's abstract of dissertation) [In Russian] 
(Leningrad, 1953), 


* The group is denoted as the product of the translation group aly ay aa } by the rotation group 4: 2 (see [1)). 
** As in original — Publisher's note. 


14 


[7] A. V. Shubnikov, "Antisymmetry of finite bodies," Tr. Inst. Krist. Akad. Nauk 10, 3-5 (1954), 


[8] N. V. Belov, N. N. Neronova, T. S, Smirnova, "1651 Shubnikov Groups," Tr, Inst. Krist. Akad. Nauk 
11, 33-67 (1955), 


[9] A. G. Kurosh, Group Theory [In Russian] (1953). 


Kishinev State University Received November 4, 1956 


MOSAICS FOR 46 PLANE (SHUBNIKOV) ANTISYMMETRY 
GROUPS AND FOR 15 (FEDOROV) COLOR GROUPS 


N. V. Belov and E. N. Belova 


Mosaics are the clearest representation of the groups corresponding to them, since they do not contain 
"grey" elements (terminology due to Shubnikov [1]). In the usual schematic representation of plane groups by 
tetrahedra or triangles of two colors [2] all the "empty" space between triangles is "grey." The symmetry of 


N22 pov 


pémimn 


v. mae & Ni2 crim 


Nis oY eT 


NIE py’ 


WE prem 


NF pgm = NB pym NIB L¥min 


groups is represented best by mosaics in which all the elementary figures of various colors are geometrically the 
same and sufficiently simple, particularly if their coutlines contain no curves. This condition is relatively 


easily fulfilled for groups with very high orders of symmetry, and less easily, perhaps even never, for groups with 
poor symmetry. 


In the two tables given, one black and white, and the other colored,* we present mosaics constructed 
according to these principles for 46 black-white plane groups and for 15 color groups, and only in certain 


*[We are unable to reproduce this table in color. A black and white Copy appears on p. 17 — Publisher]. 
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special cases have we considered it necessary to give two mosaic diagrams for a single group. Other "doubtlets," 
particularly for color mosaics, can be found in a previous article devoted to the present problem [3]. 


It should be borne in mind [4] that in centralized groups and particularly in color centralized groups the 
symmetry elements entering into the formulas alternate or coincide with similar elements, and these latter may 
be even more evident than the standard elements entering into the formulas, Thus, in group No. 41 P, mg, the 
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se 


m plane alternates with the color g' plane, and the g plane alternates with m’, so that the complete formula 
would be p.m(g')g(m'). In group No, 36 pymm, the first m plane coincides identically with g', and the 
second m plane alternates with m', so that the total formula would be Pim g') m(m'). 
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SYMMETRY, ANTISYMME TRY AND PSEUDOSYMME TRY OF 
NUCLEATION SURFACES 


V.A. Mokievskii and I. I. Shafranovskii 


Nucleation surfaces have been studied in variously oriented crystal 
growths of potassium aluminum alums, The symmetries and antisymmetries 
of these surfaces have been studied. Cases of pscudosymmetry with pseudo- 
axes of the sixth and eighth order have been noted. The question of the 
symmetry, antisymmetry and pseudosymmmetry of induction faces in general 
has been raised, The importance of an antisymmetry concept for nucleation 
surfaces has been noted. 


Nucleation surfaces arising at the boundary of two or more adjoining crystals as a result of their simul- 
taneous crystallization are widespread both in nature (mineral grains in rocks) and in artificial formations 
(salt sediments, metals, cements and others). The study of such surfaces makes it possible to establish certain 
details of the mechanism of polycrystalline aggregate formation. Let us note that the mechanical properties 
of metals depend not only on the mechanical properties of the crystalline grains of which they are constituted 
but also on the mechanism by which they grow together. Nevertheless, while paying attention to the mechani- 
cal properties of individual crystals researchers usually ignore the mechanism by which they grow together. 


There is little literature on the subject of nucleation faces. Fersman [1] was one of the first to point out 
the importance of nucleation surfaces in nature and as a result of a study of the structures of graphic granite 
formulated the following law of mutual nucleation "The demarcation of two simultaneously crystallizing 
substances is defined by a cylindrically curved surface which is formed by the periodic displacement of the 
edge between the two possible faces of either substance at the point of contact... The most important possible 
faces of the crystal, defined by simple indices and corresponding to the most important surfaces of the space 
lattice play a part in the formation of such mutual nucleation edges," (It must be noted, however, that 
nucleation surfaces do not always approach cylindrical ones). 


On the surfaces bounded by the faces oficthyoglypt quartzes A, E, Fersman finds pseudofaces with fine 
hatching, a nucleation hatching. 


Grigor'ev and Shafranovskii [2] feel it necessary to separate the following elements of a nucleation 
surface: a) pseudofaces (a Fersman term), b) pesudoedges (boundary between two pseudofaces), c) nucleation 
faces (individual flat portions covering the pseudoface in step fashion), d) nucleation edges (boundaries between 
two nucleation faces). 


As a result of a study of nucleation surfaces of quartz crystals that had grown together, the above-mentioned 
authors showed that a number of the nucleation faces correspond to the usual forms of quartz and that the others 
correspond to the imprint of ordinary faces of an adjoining crystal or else occupy intermediate positions, All 
three are part of the general zones which are rational for both crystals in the growth, 


Frank-Kamenetskii [3], using a barite crystal, confirmed the matching of the basic portion of the 
nucleation steps of one element with the steps of the second element (step correspondence law). However, 
between the nucleation surfaces of the adhering crystals there are many free spaces. 
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a b 
c d 
Fig. 1. Mutual orientation of adjoining Fig. 2. Light star and the projection of 
faces of four types of potassium aluminum the nucleation faces on a growth of the first 
alum crystal growths. type. 
White circles are nucleation faces of the 
This paper presents the results of a study of upper crystal; black dots, of the lower crystal. 
artificially produced nucleation surfaces on growths Radius of the projection circle: 45°, 


of potassium aluminum alum crystals, 


The crystal growth was carried out in ordinary crystallizing dishes by a static method in weak super- 
saturated solutions at room temperature, The crystals in the growth were oriented by placing one crystal on the 
other more or less precisely. Usually the smaller crystal was placed on the face of the large crystal in a corres- 
ponding orientation, As a result a stepped depression in the shape of a crater was formed on the bottom 
crystal and a corresponding convex pyramid on the upper crystal. After the crystals had grown together, their 
mutual orientation was checked on a two-circled Fedorov goniometer, The adjoining surfaces of both crystals 
after separation were likewise goniometrically studied, A brief description of the following four types of 
oriented growths is given below. | 


1. The vertical third order axes of both crystals are parallel. Contours of the adjoining octahedral 
faces are truly parallel (Fig. 1,a). The conventional designation for such growths is L3 | L3,[110) tf (1107: 
Both crystals in this position form together aspinel twin. 


2. The vertical third order axes of both crystals are parallel. Adjoining octahedral faces are in an 
antiparallel position (Fig. 1,b) L3 | Lj, [110] }f [110]'. Both crystals in this position form a parallel growth, 


3. The vertical "fourth order"* axes are parallel. 


The adjoining faces of the cube are rotated relative to each other at a 45° angle around "L4" (Fig. ie); 
ee a (UA OTa Tit ON = 45%, 


4, The vertical 3-fold axis of one crystal is parallel to the vertical "4-fold" axis of the other crystal. 
Adjoining faces of the cube and the octahedron are placed as shown in Fig. 1,d) : L3 Il <a", [100) | [107s 


Growths of type Ls tLe. [110] tt [110 ' (first type). Both nucleation surfaces produce reflections on the 


goniometer in the shape of a star with a clear triple symmetry (Fig. 2). When the three sharper and brighter 
rays are prolonged, the trigonal-trioctahedral series appears. Outstanding in signal brilliance are {771} and 
also a rhombododecahedron, Three other rays lying on the other side of L3 differ from the first by their dif- 
fuseness, The tetragonal-trioctahedral series is found on their extension, of which { 223 and 4112} are out- 
standing (Fig. 2), The angles of the normals to all these forms with the vertical L, are shown in Table 1. The 
nucleation surfaces have the shape of a triangular crater for the bottom crystal and a triangular convex surface 
for the upper crystal. On both the surfaces identical forms are seen as nucleation faces, touching each other, 
Reflections from the concave and the convex surface appear more or less alike. 


* For the sake of simplicity of didodecahedral symmetry of potassium aluminum alums is considered as a 
hexoctahedral symmetry. 
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TABLE 1 


Bright ray A 
Bright ray 354%, 
Diffuse ray tiga 


Diffuse ray 19° IN 
Separately studied nucleation surfaces of both the 
crystals as well as the reflections coming from them 
correspond to the trigonal-pyramidal symmetry Lg 3P 
(3*+m), At the same time such surfaces studied as a 
unit possess antisymmetry corresponding to the m-3:m Shubnikov group [4] (Fig. 3). 


Growths of type Lg ll L3[110]}| [710]' (second type), Due to the antiparallel application of adjoining 


octahedral faces, the nucleation tetragonal-trioctahedrons of one element coincide with the trigonal-triocta* 
hedrons of the second element and vice versa. The reflections from the nucleation surfaces of both crystals 
form aroung Lg a six pointed star all of whose rays appear equal (Fig. 4), The pseudo-symmetry of such for- 
mations also has an effect on the nucleation faces, whose signals correspond with the rays of the above men- 
tioned star, This is also shown in Table 2 (the symbols and the angles with Lg of the corresponding faces of both 
crystals are given in the same horizontal line). 


Fig. 3. Figure with me3:m A.V. 
Shubnikov antisymmetry, 


Fig. 5. A figure showing antisymmetry 
6 +m @. V. Shubnikov). 


Fig. 4. Light star and projection of nucleation Of course the symmetry of the two separately con- 
face on a second type growth. sidered nucleation faces remains as before: trigonal- 
Symbols for the nucleation faces of the bottom pyramidal Lz 3p (3*m). However, due to mutual nuclea- 
crystals are underlined, tion, there is a definite tendency for the symmetry to 


increase up to the pseudosymmetry Lg 6P (6*m). The anti- 
symmetry of both surfaces taken together corresponds to the 6+m group (Fig. 5). If one does not take into 
account the difference for equally inclined trigonal-trioctahedrons and tetragonal-trioctahedrons, i.e., if one 
starts with pseudosymmetry, "pseudoantisymmetry” of the m+*6*m group type will be obtained, 


TABLE 2 TABLE 3 


Bottom crystal Upper crystal 


Upper crystal 


angle with L; 


Bottom crystal 


221 16 
331 22.9 
71712 25 
447 16 
449 22 
220 24 
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Growth of type “Lg "Il "Ly," [110] :[110] = 45° (third type), A study of growths of the second type showed 


that with a corresponding orientation of the crystals the symmetry of the nucleation surfaces may be artificially 
increased, Therefore an experiment was carried out on the formation of nucleation surfaces with an eight di- 
mensional pseudosymmetry, The reflections for both the nucleation surfaces show an eight pointed star (Fig. 6). 
Individual, fairly clear, reflections for both surfaces corresponded to 102} faces, Also a series of light bands 
were noted going from {102 to {119 . Polar distances for both these forms are close (pygg = 26°34", pyy3 = 

= 25°14"), 


It is evident that nucleationfaces 4102} of one crystal brought about the formation of the more or less 
corresponding faces j119 on the other crystal (Fig. 8 and Table 3). 


Fig. 6. Light star and projection of nucleation Fig. 7. Figure showing antisymmetry 8*m 
faces on a growth of the third type. (A. V. Shubnikov). 


The symmetry of individually selected nucleation 
surfaces is Lg 4P (4*m), pseudosymmetry: Lg, 8P (8*m), 
antisymmetry: 8+m (Fig. 7), The example given shows 
that a mirror antiaxis of the eighth order may actually 
exist in crystals, Pseudoantisymmetry of the above men- 
tioned intergrowth is m*8:m. 


Growths of type "L4"ll_L, [110] |] [110]' (fourth 


Bs iB ob type). Superposition of quadruple symmetry on to triple 

symmetry, when a common symmetry plane exists in both 
crystals, caused the appearance of two mutually perpen- 
dicular zones on the nucleation surface (Fig. 8 and Table 4), 
For the crystal with a vertical "4-fold" axis, these are the 
two zones [110] and for the crystal with a vertical 3-fold 
axis they are the zones [110] and [112]. The formation of 
Fig. 8. Light star and projection of nucleation two mutually perpendicular zones shows the predominant 
faces on inter-growths of the fourth type. influence of the "4-fold" axis, which affected also the 

nucleation surface of the crystal with a vertical 3-fold 

axis. At the same time the latter influenced in its turn the quadruple symmetry of the upper crystal, since for 
both mutually perpendicular zones the symbols of the nucleation faces were not completely identical. The 
symmetry form here is P(m). In view of the fact that the coinciding faces of the bottom and top crystal differ 
in various symbols, there is no point of talking here of pseudosymmetry. In this particular case only ordinary 
symmetry exists, 


From a study of the nucleation surfaces of alums it follows that the adjoining nucleation faces, as a rule, 
are the faces with rational symbols, In some cases the correspondence of nucleation faces is not ideal and in 
this case wedge shaped spaces and free spaces appear between them. The more numerous the free spaces the 
weaker will be the growth, The number of free spaces depends on the mutual orientation of the growing crystals, 
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TABLE 4 


Bottom crystal (vertical axis Ls) | Upper crystal (vertical axis "Lg") _ 
symbol _|_angle with Lg | symbol we ae Pee 
First ray p = 90° 
221 16m 115 16° 
331 O95 227 292° 
225 26° iio Obube 
110 Baby VE 35: 


Second ray p = 0° 


275 25° 113 25° 
153 29° 225 29.5° 
195 33° Lib2 35° 


The experimental data given above show the importance of symmetry, antisymmetry and pseudosymmetry 
on the properties of nucleation surfaces. The symmetry of such individual surfaces (convex and concave) cor- 
responds to the symmetry of one sided rosettes (Shubnikov [5]). The symmetry of “crystallographic rosettes” 
corresponds to the 10 point groups (primitive and planar) 


Ly (1); Ly (2); Ls (3); La (4); Le (6); 
P(m); L,2P(2-m); L,3P (3-m); L44P (4-m); L.6P (6-m). 


In special cases of oriented growths one must add to these crystallographic point groups cases of pseudo- 
symmetry which correspond to a, so to speak, doubled symmetry. Here the axes and planes are replaced by 
pseudoaxes and pseudoplanes of symmetry. In addition to the above listed point groups we have here groups 
with pseudoaxes of the eighthand twelfth orders 


1, (8); Ly, (12); Lg8P (8-m), Ly,12P (12-m). 


A particularly important role in the description of nucleation surfaces is played by the study of antisymmetry 
of crystals, The antisymmetry of nucleation surfaces apparently corresponds to all crystallographically possible 
groups of antisymmetry of the terminal figures calculated by Shubnikov [4]. The orders of the antiaxes and 
mirror antiaxes correspond crystallographically and may, as has been mentioned above, also show the doubled 
value. 


Nucleation surfaces are a good example of antisymmetry in crystals, 
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ON THE THEORY OF THE RADIAL DISTRIBUTION METHOD 


B. K. Vainshtein 


The Fourier integral is used to consider the properties of the radial dis- 
tribution function. A new method of normalization is proposed, making it 
possible to use the intensity curve as a whole, rather than just its furthest 
regions, for this purpose, 


It is shown that in order to analyze the peaks in the radial distribution 
function one need know only the relative atomic weights Kj, rather than the 
absolute ones (as, for instance, in electron units in x-ray diffraction studies). 
The dependence of the weights of the peaks on the atomic number is clarified 
for x-ray and electron diffraction studies. In electron diffraction studies 
Kj ~ Zee, 


1. General Remarks 


In investigating amorphous substances, liquids, or gases the method of constructing the radial distribution 
curve on the basis of the intensity curve obtained from x-ray or electron diffraction patterns is widely used; 
one then makes use of the formula 


Ar r?u(r) + 4x r2uy = = \ si (s) sin srds. (1) 
0 


Let us briefly describe the elements of this method, which has been developed elsewhere [1] (see also 
Porai-Koshits [2]), using the theory of Fourier integrals, which is the most natural way of describing scattering 
phenomena. In Equation (1), u(r) is a modified form of the atomic distance function P(r) in the object being 
investigated, The interatomic distance function 


P(r) = \ p (r’) 0 (r’ + r) dvy = pp’ (r) (2) 


is the convolution of the density distribution p (©) of scattering substance in the object with the inversion through 
the center of symmetry p *(®) = p(-x) of this same density distribution, The Fourier integral of P(r) determines 
the scattering intensity I(s) 


I (s) =| P(r) et" dy, (3) 
and its Fourier transform makes it possible to find P(r) from experiment by the formula 


4 F 
P(r) = gq \ I (s) en doy, i 


ne 


Now p(r) is composed of a set of atoms pj whose centers are located at the points#;, so that 
p(r) = S\e,(r—¥)). a 


Substituting (5) in (2) we obtain 


P(r) = \ Sy (r’ — r;) die ( (r’ —r,; + r) dv,, 


; (6) 
which, after replacing r' +; byr” becomes 
P(r) = p40; (¥) + DY) 0405; (f —[r, —7,]). (a) 


taj inj 


Thus P(e) consists of separate peaks p;p* whose weights are proportional to the weights of the atoms: 
responsible for these peaks, and whose distances from the origin are equal to the interatomic distances frj—r] 
in the object. The set of these peaks can also be interpreted in a different way, writing Equation (2), after 
inserting (5), in the form 


Pe en 
Ary = Sheen) p) (r). (7b) 


It is seen from this that P(r) is a sum of convolutions for each atom p,; with p* for all atoms, or represents 
the superposition of the distribution function about each atom (taking into account its weight) of all the other 
atoms, 

In studying crystals I(s) decomposes into a set of structure factors, and the integral (4) becomes the 
Patterson series [3]. 

In studying amorphous substances, liquids, or gases, I(s) is continuous in reciprocal space. As a result of 
averaging all possible orientations of atomic pairs over the volume and time of experiment in these cases, 
which leads to statistically spherical microsymmetry of the object, and therefore also of the scattering intensity, 
the Fourier integral of Equation (4) can be integrated over the angles and written 


ae i C sins 
P(r) = 57 \ I(s) s? — ds (8) 


0 


in spherical coordinates, and the interatomic distances lose their vector character (which they have in the 
Patterson series). 


The transition from P(r) of Equatiorf (8) to u(r) of Equation (1) is based on the following procedure, In- 
stead of the (normalized) experimental intensity of coherent scattering I,(s), one uses the function 


| D7 (s) 
A seas aa 75) , (9) 


un 


where fj is the atomic scattering factor. 


Since the Fourier transform of each of the peaks PiP; entering into (7a) is fit} subtracting SS Ji(s) 
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from the numerator of (9) removes the trivial peaks of P(r) given by the first sum in (7a) with i = j, for which 
[ti any = 9 (the distance from an atom "to itself"). 


Division by a specially-chosen unitary ie -curve eliminates, as is known, the decrease of the I(s) function 
which is due to the "shape" of the atoms p;(r) (in x-ray scattering p;(r) is the electron density, and in electron 
scattering it is the atomic potential), Instead of (7) and (8) we obtain the function 


w(r) = SS) bu (7 — 7%) (10a) 
ih} 


so that 4mr’u(r) gives the radial density of distances 6;; between “point” atoms* (each bij has "weight," see 
Section 3). Since it is experimental ly impossible to measure the zero order scattering (that isin the neighborhood 
of s = 0) this region of I(s) is neglected in using Equation (9). Instead of this one introduces the mean density of 
interatomic distances** which determines the zero order scattering as well as the equivalent quantity ug, into 


Equation (1). 


2. Normalization of the Instensity Curve 


Since it is impossible in practice to measure the absolute scattering intensity, the experimental I(s) curve 
is normalized to one calculated for the number of atoms n entering the chemical formula. One then makes 
use of the damping of oscillations of I(s) for large s, when 


In(s) = ) fi(s). (11) 


i=l 


The absolute values of I(s) for these values of s are small, so that the relative error is increased, showing 
therefore a disadvantage of this method. 


It is possible, however, to normalize the I(s) curve as a whole, The function p(f) and its Fourier trans- 
form f (s) satisfy a relation connecting their mean square values (obtained from (2) and (4) with r = 0), In the 
three-dimensional case 


4 9 
°° (rn) doy es\ | /(s) |? de.. (12a) 


The Fourier transform of p; is the atomic factor fj. For.a single atom in spherical coordinates (12a) becomes 


oo ~ 
' - Ae 73 5 

An \ p2 (7) 7? dr = eh \ Fi (s) stds = Gi. (12b) 
0 0 


* The function f 2s) is usually chosen as the curve for an atom at rest. Therefore division by this function 
eliminates the "proper" spread of the electron density (or potential) of the atom; the "point" atom so obtained, 
however, still has some spread due to thermal motion, By including a temperature factor fp, that is dividing 

by CEiesia om one can go over to a "Strictly point" atom. Such additional "sharpening of the peaks” of P(r) is 
hardly reasonable, since this strengthens the unfavorable influence of the cut-off in I(s). 

** We shall not go into a detailed cunsideration of how the shape of the object affects the results, considering 
the scattering volume sufficiently large (see, for instance, Filipovich [4]). 
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Bearing in mind that p(r) represents a set of atoms such as that of Equation (5) (and takes on large values 
only at the atomic positions), the left side of (12a) can be written 


Wao) on = Sha) der. (13) 


i 


Noting that in (12a) | f (s)| 2 for the object as a whole is just the intensity I(s), and expressing (12a) in spherical 
coordinates using (12b) and (13), we obtain 


ae dats See me >; 7 I? (s) s?ds = 2n? - Gi. (14) 


i=l] Jes! 


This is the normalization condition, since the sum on the right can be calculated. The physical meaning of (14) 
is that the interference which takes place for a certain relative distribution of the atoms cannot change the total 
scattering intensity from these atoms, but gives only a redistribution of the intensity (we are speaking, of course, 
of coherent scattering; incoherent scattering shall be treated later), This means that the I(s) s curve oscillates 
nr 
about »} /?(s)s°, and that the areas under these curves are equal, as are the areas bounded by these curves 
7) n 
above and below the >y fi(s) curve (Fig. 1). 
eae 


It also follows from (14) that for a sufficiently wide interval (s,, s.) we have on the average 


In, (s)s? = 5} fi(s) 5? (15) 
isl 
and less rigorously, 5 
In(s) = >} Fi (s), (16) 


which gives Equation (11) for large s, when the oscillation of I(s) is small. Statistical relations of a similar type 
occur in the structural analysis of crystals [5, 6], but in the present case they are generalized to continuous 
intensity distributions. 


In practice (14) may be applied not for the ideal limits s = 0 and s = o, but for some smalls’ ® 0 and 
some upper limit s" (see Fig. 1). For this it is sufficient to find (by numerical or graphical integration) the right 
side of (14) using the theoretical f j-curves, to find the 
left side from the experimental (unnormalized) values 
of I(s) in the same way, and to equate these two values. 


Equation (14) does not include the incoherent 
scattering I;;. When it is taken into consideration, we 
obtain 


\ Wk + Jy), s?ds = on0 3 G,+ 
0 


i=] 


lyse ds. 17 
Fig. 1. Oscillation of (1) the Ip(s) s* curve,about a 


ae 
iM 
22-38 


(2) the >> fi (s)s” curve. 


i=1 
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By calculating Ij; in a well known way (in the same units, of course, as the coherent components Ix;) one can 
1 . . . 

again normalize the intensity and then subtract from it the part due to coherent scattering of Equation (14). In 

electron diffraction studies I}; is small and can often be neglected. 


We note finally that the Gj entering into (14) and (17) are constant for a given kind of atom. The author 
has shown previously that for x-ray [6] and electron [7] diffraction studies there exists a relation of the form 


Gi = kZ* 4, (18a) 


where k and « are coefficients which depend on the parameter B of thermal motion, Z is the atomic number, 
and q accounts for the cutoff. 


Thus if one bears in mind the thermal motion and uses earlier data [6, 7], the normalization of Equation 
(14) can be performed without calculating integrals such as (12b). If one does not account for thermal] motion 
(see the footnote on p. 26), then the integrals of (12b) converge slowly and they must be calculated by inte- 
gration to some upper limits". In this case the Gj remain proportional to Z™, and for x-ray and electron 
diffraction studies a is 


Oy = 2.60, ae] = 1.50. (18b) 
When thermal motion is taken into account, the values of ~ decrease somewhat [6, 7]. 


3. .The Weights of the Peaks in the Radial Distribution Function in X-Ray and 
Electron Anal sis 


In constructing u(r) in Equation (1), when analyzing objects composed of different kinds of atoms by x-ray 
diffraction, electron units are used, which means that pee in Equation (9) is taken as the scattering curve for a 
single electron [1]. Then if one assumes (an approximation necessary for analysis), that the atoms are of similar 
shapes, their weights are determined by the "effective numbers" K; of electrons in them, and the weights of the 
peaks in the radial distribution function are proportional to the products KiK;(el’) of the weights of the "point 
atoms,” It should be emphasized immediately, however, that the choice of "electron" units or any others is 
not required, since the function of Equation (1) can be analyzed by knowing only the ratios of the Kj for the 
atoms in the object and the relation of these quantities to the Li AG) curve chosen, 


The ratio of the squares K is found from the ratio of the mean scattering factors averaged over the whole 
s interval, that is from the fi- AES The average must be taken bearing in mind the following point, which 
is usually ignored. Although experiment gives I(s), on going over to P(r) of Equation (8) and to u(r) of Equation 
(1) the quantity I(s) s* enters the calculations and this very naturally reflects the three-dimensionality of the 
intensity distribution in reciprocal space by equal values of I(s) in a spherical band of volume 4ms*ds. There- 
fore the contribution of the atoms to the total intensity taken from all the reciprocal space as given by (14) is 
due to the quantities Gj ~ J f%s) s’ds (12b). 


Thus the relative weights Kj of the atoms are given by the relations 


st 
3 12 (s) 8? ds 


mi i (s) s? ds 


rs] i) 


It is simpler to take as the measure of Kj its value for the lightest atom "L" in the object, whose weight K, will 
be equal to unity according to (19), just as the weight of the peak Ki corsspongine to it will also be nae in 
u(r) of (10a). 


From (18b) and (19) it follows that 
for x-ray diffraction Kj = (Z; IZ (20a) 


for electron diffraction Kj =(Z;/Z,)°™. (20b) 
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These relations are sufficiently accurate; for light atoms, however, which sometimes have individual singularities 
in the f curves, there may be deviations from these relations which are easily established by using the general 
form of (19). The difference in the exponents of (20a) and (20b) reflects the fact that the atomic potentials 
(responsible for electron scattering) depend less strongly on the atomic number Z than on their electron densities 
(responsible for x-ray scattering), 


Knowing Ki, one easily finds the unit curve 


f(s) = =—. (21) 


This would be exactly the same as Fils) if the atoms, and therefore the f-curves, were similar (actually the 
difference between Bhs and fi. is not large). Now substituting (21) in (9) will in general eliminate the inter- 
mediate calculation of hee so that one immediately obtains i(s) by 


a ae (22) 


i 
- 


n 
i(s) = >| Ki} /—— 
» A) 
\te1 
Thus in order to analyze the weights of the peaks in u(r) the following is sufficient: 1) to normalize [(s) to 


n 

2 
»; Ti (s) taken in arbitrary units, and to divide I,,(s) in (22) by this same curve; 2) to take arbitrary relative 
i=1 


values of Kj in (22), and to calculate the weights of the peaks of u(r) in terms of these values (see Equation (27) 
below). As has already been mentioned, it is most convenient to choose Kad; thus obtaining for the other 
atoms small K; values of the order of unity, and correspondingly small products KjK;. 


4, Interpretation of the Peaks and Some Properties of the Radial Distribution 


Function : 


The object of constructing the 4m u(r) curve is to find the distance and number of neighbors of a given 
atom. Let us investigate the meaning for this of normalizing I(s) to scattering by the n atoms entering into the 
chemical formula (molecule) of the given substance, Actually the object contains a large nujnber N of atoms, 
so that the function P(r) of (7a) contains N? terms, and the first sum in (7a) contains N terms. Thus in going 
over to u(r) by (10a), we have N(N —1) terms remaining. By normalizing I(s) to n atoms, we decrease this - 
quantity, as well as P(r) of Equation (8) and u(r) of (10a), by a factor of N/n, so that we obtain the function 


u(r) = >) >)8u5 (7 — ru)- (10b) 


Decreasing the first sum by a factor of N/n and accounting also for the fact that each 9 ij peak has weight 


KjK;, we can write 
n 


N 
u(r) = S) >) KiK; wij (r — rij) (10c) 


t=1j=1 


and say that now u(r) contains n(N ~1) peaks Uj ;» OF is a superposition of the distributions, about each of the n 
chosen atoms, of all the other N~1 atoms, Comparing (10b) and (10c) shows that each ujj contains a set of 
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"point" peaks ij which means that it characterizes the distribution of crystallochemically equivalent erences 

about certain mean values rj. Due to the normalization condition, after the factor KjKj is taken out the welea 
of uj; is equal to unity, and a calculation of the weights of the peaks of the radial distribution function makes it 
possible finally to evaluate the number of neighbors in one or another coordination sphere. 


In the case of scattering by gas molecules, only the distances within the molecules are significant; so that 
u(r) of (10c) in fact contains n(n —1) peaks and the remaining n(N —1) distances between the atoms of different 
molecules are not given by u(r). This follows from the fact that gas molecules scatter independently. 


Thus,due to the variation of the interatomic distances in amorphous substances and liquids, the peaks uj; 
which compose u(r) and correspond to the distances between "point" atoms are nevertheless spread out, Since in 
this case any order is only approximate, the spreading increases with the increase inr, and u(r) becomes damped 
and approaches ug. Corresponding to this, as follows from the properties of the Fourier integral, as s increases 
i(s) is damped, which causes u(r) of Equation (1) to be hardly sensitive to a cutoff in i(s) to some value s =s" by 
which the upper limit s = oo js actually replaced in Equation (1) (Fig. 2a). For free gas molecules the distances 
between the atoms change only due to thermal motion, and in this case the peaks of u(r) are much sharper. This 
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Fig. 2, The character of the i(s) curves and the corresponding 47 Pu(r) 
curves for condensed systems (a) and gases (b). 


causes a slow decrease in i(s) Fig. 2b) and u(r) becomes more sensitive to the cutoff, as a result of which one 

must either move the upper limit experimentally (sectoral method in electron diffraction studies of gas molecules), 
or make use of an artificial temperature factor which would decrease the oscillation of i(s) for large s causing 
spreading (broadening) of the peaks of u(r).* A sharp cutoff may alter the positions of the true peaks and cause 
the appearance of false ones [4]. 


Returning to the question of the interpretation of the peaks of u(r), let us separate the n atoms entering 
into the chemical formula according to their types. If there are p types of atoms, then 


n= My + Ny +...+ Np (23a) 
and 
ee 
Ki = 5) naKa: (23b) 
t=1 a=1 


In the normalized radial distribution function of (10c) one may, accounting for the weights Kj, separate out 
the distributions u,p for the crystallochemically equivalent pairs of atoms 


* Various artificial methods for changing the roles of the distant and close regions of the intensity curve by means 
of multiplying I(s) by s or s* make the peaks sharper, but increase the disadvantageous effects of the cutoff. 
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Pp 
Uu (7) = inte » Kytap (r ae rane (10d) 


a=1 b 


which means that the second sum (over b) is taken over the coordination spheres so that the number m,p of 
neighbors of type b about an atom of type a in this sphere is given by the area under the peak 4nr Usb (tap): 


Mab = \ 4nr® gp (% — Pav) ar | 2NaKaKy, (24) 


r’ 


where the integral is taken with the limits r', r" (Fig. 3). The factor 2 in the denominator is due to the fact 
that in each such peak both the distances ab and ba appear to an equal extent, so that the integral of (24) is 
equal to ngmapKgKp + MhMpaKpK,. In view of stoichiometry nam,p = NpMba, however, and this latter sum 
can be replaced by 2mapngK,Kp which gives (24), or equivalently by 2mp,n,K Kp; in this case interchanging 
n, and np in (24) gives Mba « 


In order to calculate ug, the second sum in (10d) should be replaced by the mean density of the atoms 
(assumed weight), The density of matter d is used together with the known molecular weight M to find the 
volume occupied by the n atoms of a molecule (imolecular unit) 


M-myz, 


Vax ae d ) 


(25) 


where mH is the mass of the hydrogen atom, 1.65° 10°%4 g, By dropping the factor 1074 and taking b in g per 


p 
cm’, we obtain V, in A®, In the assumed units, this volume has the "weight" Be Ki = 23 mpKy. Thus the 
p i=1 b=1 
mean density of these units is Sy nyKy: _ , and the term Up can be written 
b=1 


P Pp P 2 
> fieK a > mKyVit = (3 Vink gas (26) 


a=1 b=1 a=1 


Finally, the radial distribution formula, according to (8), (10d), (22), and (26) is of the form 


p 2 
Anr’u (r) = 4nr? y NK eK pa Uav (Fr — Pav) = 4nr? (> NgK act 


a=1 a=1 (27) 
o de i 
4- Sn Avan agi s ins LL irae 
a=1 0 > na fa(s) 
a=1 


This formula, originally given for x-rays, is valid also for electrons and neutrons, In all three cases the 
weights of the atoms K, can be chosen, according to (19), as arbitrary relative quantities; it is most convenient 


to choose Ky = 1. 


The choice of electron units in x-ray studies, and therefore the choice of the Fin curves for a single 
electron is not necessary; this choice causes the quantities entering into (27) to have high numerical values, 
although the final result, the number of neighbors according to (24), obviously remains invariant, In the case 
of neutron diffraction, when the atoms (nuclei) scatter as points and the atomic scattering curve drops only due 
to thermal motion, the artificial step of dividing by fo as given by Equation (9) drops out. 
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In the electron diffraction laboratory of the Crystallography Institute 
of the Academy of Sciences U.S.S.R., the above method of normalizing 
the intensity curve and analyzing the radial distribution curve was applied 


5 by L. I. Tatarinova in the electron diffraction study of amorphous antimony 
& sulfide. As opposed to what takes place in the crystalline Sb,S3, it was 
found that in the amorphous phase the Sb atom has approximately six 
Uap \ nearest S neighbors, and correspondingly the S atom has four Sb neighbors 
(at a distance of 2.33 A). From the data obtained one may assume that 
ee this phase has a somewhat loosened close packing structure of S atoms, 


in which two thirds of the octahedral spaces contain Sb atoms. The de- 


Diba een senotg eipe as. On Sie tailed results of this investigation will be published separately. 


40 ru(r) curve, 
In conclusion, let us briefly consider the possibilities of this 

method, It gives unique results in the case of objects composed of one 
kind of atom [9, 10]* when the interpretation of the u(r) peaks does not necessitate any particular choice of the 
combinations KK, in Equation (27), n= 1, and there exists only one K = 1 = K?, For two types of atoms, there 
are three combinations possible K?, K,K,, K3. As the number of kinds of atoms increases it is impossible to avoid 
overlapping of the common peaks of the various combinations, It is then impossible to arrive at unique con- 
clusions from the u(r) curve without additional crystallochemical data. Together, however, with the data on the 
radii of the atoms, etc., the u(r) function can provide interesting data on the approximate order, which determines 
many properties of this type of substance. 


The quality of the diffraction pattern corresponds to the degrée of order of the object. A crystal gives 
a rich diffraction pattern with an orderly arrangement of a large number of images in the three dimensions of 
reciprocal space; it can be used to obtain accurate data on the mutual arrangement of the atoms. The diffuse 
pattern from an amorphous or liquid substance reflects only the statistical approximate order in such objects, 
and it is impossible to obtain more detailed data from it. 
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X-RAY EXAMINATION OF CAPTAX 
(2-MERCAP TOBENZOTHIA ZOLE) 


Iu. Tashpulatov, Z. V. Zvonkova and G. S. Zhdanov 


The crystal structure of Captax,C7HsNS9,is determined by x-ray analysis. 
The dimensions of the axes of the monoclinic cell are: a = 7.99, b = 5.99, 
c = 15.98 A and B =109°10'. The number of molecules in the unit 
cellis Z = 4. The space group is ey —P2,/c. In the work F*(hk1)- 
series were used chiefly. For refinement of the structure there were also 
constructed fractional projections of electron density os and ¥, cell along 
axis c) and a differential projection Y, cell), and also linear sections 
of electron density. Coordinates are determined for all atoms of the 
structure and calculations made for interatomic distances and valence 
angles. The crystallochemical analysis of the structure of Captax is 
given. 


Crystallochemical examinations of heterocyclic compounds are of considerable theoretical interest; how- 
ever, the structure of these compounds has been studied very little up to the present. Captax and its derivatives 
have wide application in industry [1, 2] as accelerators in the vulcanization of rubber. 


For elucidation of some peculiarities in the structure of Captax, an x-ray examination was conducted, 
Single crystals of Captax suitable for structure analysis were obtained by recrystallization from solution in 
a mixture of xylenediol and chloroform, in the ratio 1:1. The results of the determination of crystal system, 
unit cell, number of molecules in the cell, density and space group of Captax crystals are given in Table 1. 


ainA}]binA|cinA B |» fo} 7h, Space group 
§:99°'|.15,98r}'109°10"}.1.52 | 1/50 94 Gi FP < 


On the basis of the projection of the interatomic vector functions on plane (010) (Fig. 1) some conclusions 
may be drawn as to the position of molecules in the unit cell of Captax. In the projection, clearly defined maxi- 


ma of the function P(xoz) are observed with heights cqual to 52 and 71. Analysis of this projection showed that 


these maxima correspond to the vectors ay and Se respectively, Hence it follows that the approximate 


eACB Eel 


Formula Crystal system 


C7HsNS, Monoclinic 


H H 
C3 N 
C, 
Cc 
HC, : “So 
Scheme I 
HC; 
Cy 5 
Cz . 
H 


I 
distances between the atoms of sulfur in different molecules, Sp -sll and sl —sll are equal to 1.76 and 4.77 A, 
respectively. On the basis of these data it may be concluded that the plane of a molecule of Captax (Scheme 1) 
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is nearly paralle] to the Y axis and makes a small angle with the X axis. However the molecule is not packed 

longitudinally along axis a, and therefore it is necessary to propose that the direction of the bond Cy = Sp also 

forms an angle with plane (010), Coordinates of the atoms obtained from projection P(xoz) are: Xs = 0.410, 
Il = 0,374, xoII = 0.580 and zcll = 0.293, 

2S, 0,374, Xgil 0.580 and Zl 0.2 


From the projection of the interatomic vector functions on plane (100), the following conclusions cue) be 
drawn as to the position of sulfur atoms, The y coordinates of atoms si and sf differ approximately by Ab. 


a Fig, 1. 


The y coordinates of atoms and sll are approximately the same, Ay = Yell wr. 0. Hence it follows that 


the sulfur atoins si and sl in the molecule differ little in the value of the y coordinate, that is, to a first approx- 


imation ys} ysl 0. Such a distribution of atoms S} and si is possible only in the case where the molecule is 


inclined to the plane (010), such that the bond C, = S, in the molecule forms an angle with the plane (010) 
approximately equal to 20°, 


The structure of a five-membered heterocyclic ring which includes sulfur and nitrogen atoms has been 
studied very little up to the present time, It was therefore first necessary to set up a model of the molecule 
under study, specifically to model a five-membered ring. For this purpose the interatomic vector function 
P(x!4 z) [3] was first calculated, which, along with the presence in the crystal of second-order screw axes allows 
the coordinates of atoms differing among themselves by Ay = te b to be determined. 


In the construction of these maps, the authors have used in all 672 reflections obtained by exposure of the 
crystals along axes b and c with Cu-emission in x-ray goniometer RGNS designed by M. M. Umanskii, Of this 
number of reflections 572 were obtained by exposure along axis b and 100 separate reflections by exposure 
along axis c. 


Maxiina observed in the section of function P(x'4 z) correspond to the distribution of atoms the coordinates 
of which differ by Hh b (Fig. 2). In addition, maxima corresponding to vectors = ~sll and si —sil have a weight 
Se respectively 142 and 137, and maxima with a weight equalling 144 correspond to the interatomic 


vectors Sy sil, Hence it follows that the y coordinates of atoms ot and Sq differ among themselves approximately 


by Ay 4b, The absence of maxima corresponding to vectors sil ~S;" indicates that Yell ~Ygill 0, There- 
fore derivations made earlier on the basis of the analysis of projections of the interatomic vector function on 
planes (010) and (100) confirm data obtained from section P( ote Z). Coordinates of atoms sl and sH obtained 
in this section are given in Table 2. Further, the linear section of function P(O y*4) was calculated. If the 


crystal has a glide reflection plane, perpendicular to axis b with displacement equal to c/2, then equivalent 
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c/a 


c/é 
Fig. 3. 
ie ALB Ee 2 points have coordinates (x, y, z) and (x, He —y, 2 +672 
ae In addition, maxima of function P(x, y, z), corresponding 
a to vectors between these atoms, have coordinates 
sil + (0, Ws =Oy, ¢/2)s According to the maxima of this 
si function, the distribution of atoms can be found from the 


glide plane, equal to y, yj, where y; are coordinates of 
the corresponding maxima. 


In section P(0 y44) there is the maximum of greatest weight with y; = 1b, Hence it follows that 4 —2y = 
= vy y * 0, that is sulfur atoms occur in the coordinate plane ¥S, yo *0. Further, for finding the distribution 
of the molecule in the unit cell, a section of the three-dimensional function P(x 0 z) (Fig. 3) was constructed, in 
which are shown separate maxima corresponding to the intramolecular distribution. Thus, the maximum with 
weight 86 corresponds to vector Sz —C,, the maximum with weight 60 to vector Sy —C, and the maximum with 
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weight 27 to vector SCs. These maxima lie in a straight line, passing through the acute angle of the cell. 
The presence of other peaks is caused by the intermolecular vectors S~S and S~C. 


To vector sH —slll 


II Ill 
2 ~S2 


corresponds the maximum with weight 128 


To vector S corresponds the maximum with weight 97 


To vector sll =o corresponds the maximum with weight 101 
To vector gill Ze corresponds the maximum with weight 101 


Ill 


To vector gil —S; corresponds the maximum with weight 89 


To vector sfll —sil corresponds the maximum with weight 89 


Geometric analysis of the structure showed that the plane of the molecule forms an angle equal to 20° with 
plane (001), and the bond C,—S, forms an angle also equal to 20° with plane (010), For further refinement of the 
molecular model, a projection of the electron density on plane (010) was constructed, On this projection maxima 
were developed corresponding to atoms Sg, S;, N. Maxima corresponding to atoms Cy, Cz and C4, Cs overlap on 
the given projection; therefore to refine the coordinates of atoms three-dimensional maps of electron density 
were constructed, For the determination of structure amplitude signs it was necessary to refine the y coordinates 
of atoms Sg and S,. With thisintention, we first constructed sections of the three-dimensional function P(x,yz) 
and P(xyz,) for x, = Xl “xsl and z, = Zgll ~4sl. The calculation of function P(x,yz) permitted limiting the 


range of variations in the y coordinates of the sulfur atoms with values Ay = ysl —Yoll © 0.10-0.15 (yolI © 0.55, 
Yg II * 0.45) and confirmed earlier established values of atomic coordinates, i.e., z II = 0.295, Zoll = OT oenu 
the calculation of function P(xyz,) similar limits were established in the variation sPoordiistes of atoms Yell 


and ysl. 


Refinement of atomic coordinates was carried out according to fractional projections [4] and linear 
sections of electron density. 


Fig. 4. 


In the case of fractional projection of the half cell along axis c, the limits of integration can be taken 
from ~ c/4 to + c/4 or from 0 to +c/2, The first limits of integration are convenient for the structure of 
Captax, since in this case two molecules are isolated, connected by a center of symmetry, In addition, the 
sulfur atoms Sp and Sy of the first molecule will be superimposed correspondingly on atoms Sy and Sg of the 
fourth molecule, Therefore the authors have taken the limits of integration from 0 to c/2, In this case the 
sulfur atoins of two molecules connected by the screw axis are separated by 44 b, that is atoms Sp and S, of the 
first molecule are removed by 44 b from atoms Sz and S, of the second molecule. 
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In the construction of the projection of the half cell 
only structure amplitudes with?2 = 1, 3, 5.....2n+ 1 were 
~—¥X used, that is 386 amplitudes out of 672. On this projection, 
although superfluous peaks were absent, a considerable 


V 
/ 


divergence in height ratios of maxima was observed, 
corresponding to carbon atoms. Atoms Sg, Sy, C7, C3, C4, 
Cs and Cy, were clearly developed on the projection. 

Atoms N, C, and Cg, were not developed in the form of 
maxima because of the presence of a swamping effect. 

By the projection of the half cell, coordinates of the series 
of light atoms were found. However, the projection of a 
quarter cell has a greater resolving capacity than the 
projection of the half-cell. For constructing the projection 
of a quarter cell 599 structures amplitudes were used with 
L=+~ 4, 8,12, 16 and 20, On this projection all the atoms 
of a molecule of Captax were developed (Fig. 4), with the 
exception of atom Cy. Although atom C, falls in the 
positive range of values of electron density, yet it does 
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not develop in the form of a separate maximum, apparently 
because of the effect of swamping from the heavy sulfur 
Fig. 5. atoms S, and Sp. 


At present the method of differential projections is used successfully for the x-ray determination of the 
position of light atoms, In the differential projections constructed by the authors, excluding sulfur atoms, all 
the light atoms were developed, among them atom Cy, and close values were obtained for heights of maxima of 
carbon atoms (atom Cy given in Fig. 4). 


For the proof and refinement of z coordinates of the atoms, linear sections of electron density parallel to 
the Z axis were used. In all, 8 linear sections were constructed, passing through atoms S,, Sg, Cy, Cg, Cg, Cg, Cz 


Fig. 6. 


and N. As a result, it was established that atoms Cy, C3, Cs and C7 are coplanar. Deviation of these atoms from 
the plane of the benzene ring amounts to a maximum + 0,02 A, Therefore the calculation of the linear sections 
for atoms Cy and Cg was not carried out, and their z coordinates were found from the plane equation, Small 
deviations of the coordinates of the carbon atoms from the plane of the benzene ring lie within the limits of 
precision for the determination of interatomic distances in the structure of Captax, equal to + 0.01-0.02 A. Atoms 
of the heterocyclic ring deviate from the plane of the benzene ring and their distances from the plane equal: 
N—0.15, S, —0.42, Cy —0.17 and S,—0.25 A. The deviation of the atoms of the heterocyclic ring from coplanarity 
is also increased by the degree of removal from the center of the benzene ring. 
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TABLE 3 


Atom x y z | Atom % vu z 
Sa 0.591 | 0.563 | 0.300 CG; 0.208; O-5oa~ [20:4 
C} 0.418 | 0.654 | 0.318 Ce 0.090 | 0.920 | 0.343 
N 0.340 | 0.842 | 0.315 as 0.080 | 0.468 | 0.406 
as 0.407 | 0.4142 | 0.377 ” 0.962 | 0.845 | 0.371 
C3 0.207°°| 0.758-—|_ 0.345 ce 0.956 | 0.622 | 0.401 


The final coordinates of atoms in the structure of Captax are given in Table 3. 


According to these coordinates, the Reliability Coefficient was calculated, equal to 


apse es 
Xo! 


0.20. 


Interatomic distances, valence angles and intermolecular distances are given in Table 4, Distribution 
of the molecules in the Captax crystal is shown in Fig. 5 and 6, 


Analysis of interatomic distances in the molecule of Captax (Scheme II) indicates that in this compound 
there are no C—N bonds which would be simple o-bonds. The fact that the distance C,—N and C,—N proved 


2 


Scheme II 


to be considerably less than the distance C~N, characteristic for single bonds in compounds of the aliphatic 

series (1.47 A), can be explained by the change in the hybridization of orbits of the carbon atom (sp? instead of 
sp*) and the reaction between free electrons of the nitrogen atom and p-electrons of adjoining carbon atoms Cy, 
and Cy. This conclusion is confirmed by the fact that in compounds where nitrogen atoms are connected with 
groups of atoms having m -bonds (in the present case with the benzene ring and Cy = Sg), C—N distances vary 

over considerable limits, but always turn out to be less than 1.47 A[5]. In the x-ray examination of piazothiole 
[6, 7], benzofurazan [6] and isatin [8], in which the nitrogen atom is joined to the benzene ring, it was estab- 
lished that the distances of C—N bonds equal, respectively, 1.34, 1,35, and 1.38 A, Distances Cy—N and C,—N 

in the Captax molecule equal, respectively, 1.29 and 1.39 A. The shortening of bond C,—N 1.29 A in comparison 
with C2—N 1,39 A indicates that the free electrons of the nitrogen atom interact more strongly with the p-electron 
of atom C, than with atom Cy. The difference in distances Cy—N and C,—N in the Captax molecule is also 
confirmed by data of the literature. Thus, for example, in the examination of the structure of acetanilide [12] 

it was established that the nitrogen atom of the imino-group ~NH— occurs at a distance of 1.426 A from the 


O 
carbon atom of the benzene ring and at a distance of 1.330 A from the carbon atom of the acetyl group Cc? , 


38 


TABLE 4 


Valence Inter- 
Bonds Bonds angles Bonds molecular 
distances 
in A 

Cree. 1.60 ee Brass 96° stoi 3.48 
Ci—S, 1°%5 C= s,--Gr 83° cls 3.08 
STecUs 1.78 Pee Bea OF 105° S,—e}! 3.53 
C=C, 4.35 C= Cc, 121° si_cl! 4.60 
C,2c} 4.35 ClYAG 114° gin U 5.12 
G3—C, 1.44 CCC) ras si—cH 3.57 
Cy—Cag Was C5—Cy—Cy ee sit_ni 2.48 
Cees 1.34 RON 114° git_cil 2.89 
C.C3 1.42 Cy Cs Oiee Th e194e sec 3.28 
GN 1.39 GCN 123° ch—eM 3.38 
NC; 1.29 CoN -G, 95° opie 5.59 
NC or 129° cuac 3.69 
N=Cy=5, 136° oH ste 3.87 
sit_sit 5.14 
CE—-C3 3.37 


In structures of compounds in which the nitrogen atom of the amino-group is joined to a carbon atom 


oat Nia 
having a double bond with a sulfur atom, >C =S, for example in dithioxamide [9] Pee theresis 
NH, S 


also found a shorter distance for C—N (1.308 A). For the nitrogen atom of the imino group, joined with two 

C =O groups, in saxinamide [10] there were also found short distances for C—N (1.27 and 1.26 A). For atoms of 

the imino group, joined with two benzene rings, for example in acridine [10], the C—N distance is1.342 and1.347A, 
and in phenazine [11] it equals 1.342 and 1.345 A. In the structure of Captax, in the case of the nitrogen atom 
joined to the benzene ring, the distance C—N is increased compared with data from the literature to 1.39 A; for 

the nitrogen atom joined to the carbon atom with a double bond >C =S, the distance C—N is somewhat dimi- 
nished (to 1.29 A), Crystallochemical analysis indicates that the interatomic distance C—N shortens with the 
degree of m -interaction in the side C=S bond, 


Distances C,—S, and C—S, in the Captax molecule equal respectively 1.75 and 1.78 A. For C—S bonds 
the interaction with part of the free electrons of the sulfur atom is considerable less than in the case of C-N 
bonds. The mean distance of the single bond >C~S equals 1.81 A, according to the literature [13]. In the 
Captax molecule the distance S,;— C7, equal to 1.78 A, corresponds to the decrease in the radius of the carbon 
atom with the change in the sp’-hybridization of orbits to sp’. The length of the C,=S, bond in the Captax 
molecule equals 1.60 A. 


Therefore the C, =S, bond has the character of a double bond. Hence it may be concluded that in the 
crystalline state of the Captax molecule the hydrogen atom is covalently bonded with the nitrogen atom, and 
not with the Sy sulfur atom, 


Valence angles in a five-membered heterocyclic ring equal: ¥C,NC,; = 95° and ¥ C,S\C7 = 83°. Owing 
to the strong interaction of the free electrons of the nitrogen atom with the C, carbon atom, the valence angle 
NC,S, increases to 136°, 


Valence angles in the benzene ring of the Captax molecule are distorted, It is known that in compounds 
which contain five-membered ‘heterocyclic rings with benzene rings joined to them, the valence angles in these 
rings can be deformed. 


In the structure of Captax the plane of the benzene ring forms a 21° angle with plane (001) and the C, =S, 
bond forms a 23° angle with plane (010). 
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The results of the present examination repudiate earlier notions assumed in the chemical literature that 
the thiazole grouping is contained in the Captax molecule; 


c 
C2 1s —H 


C, 
Sy 


and confirm data obtained from infrared absorption spectra of Captax by Gur'ianova and Shigorin [14], which 
established the presence of strong hydrogen bonds. 


Jeffrey indicated, on the basis of preliminary x-ray examination, that two molecules in the crystal of 
Captax are connected by a center of symmetry and form dimers [195]: 


C, 


C; 


Ss 


In the present examination it has been shown that the struc tural model of Captax proposed by Jeffrey 
is incorrect, since the molecules are connected by hydrogen bonds §...H~—N not in dimers but in chains 
directed along second-order screw axes. Only by the projection of the structure along axis b are the second- 
order screw axes transformed into centers of symmetry, and consequently the chains of the molecule are 
projected in the form of dimers, ‘In the structure of Captax the nitrogen atom is found at a distance of 2.48 A 
from the S, sulfur atom of the adjoining molecule. Therefore in Captax there are stronger intermolecular 
hydrogen bonds N—H...S than in the structure of thiopyridone, where the distance S... H—N equals 3.26 A 
(16]. The great diminution in intermolecular distance N-H...S is explained by the fact that the inter- 
molecular radius of the S,; atom along the double bond C, =Sg is considerably less than in the case of the single 
C—S bond. 


For a molecule of thiopyridcne the distance S—C (1.68 A) was obtained, increased in comparison with 
distance C,—S, in the Captax molecule. In the structure of Captax the intermolecular distance between atoms 
of different molecules cJi-sll equals 2.89 A and angle CsS,C, equals 129°. Hence it may also be concluded 
that the intermolecular radius of the sulfur atom in the double bond C=S is considerably shortened in com- 
parison with the intermolecular radius of the sulfur atom in the single C—S bond, which according to data in 


the literature equals 1.85 A. 


The present work has further developed the hypotheses concerning intermolecular radii of nonspherical 
form and the dependence of intermolecular radii on the direction of o- and m -covalent bonds in the molecule, 
established by the work of Zhdanov, Kitaigorodskii and others [17, 18]. 
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ME TALLOGRAPHIC AND X-RAY DIFFRACTION STUDY 
OF ALLOYS IN THE ANTIMONY -IRIDIUM SYSTEM 


R. N. Kuz'min, G. S. Zhdanov and N. N. Zhuravlev 


X-ray and metallographic studies of a series of alloys in 
the Sb~Ir system have established the existence of two compounds, 
IrSb, and IrSb,. The unit cell of IrSby has been determined with: 
a=6.5 + 0.2; b=6.5 + 0.2;c =6.7 + 0.2 A; 8 =115° 4 1°. 


Preparation of Alloys 


No data on the system antimony-iridium have been found in literature. The alloys were prepared from 
chemically pure metals, Samples were placed in argon-filled quartz capsules and melted either in a resistance 
furnace or in an oxygen flame. Alloys with high melting points were prepared by the powder method, For this 
purpose, powders of the components were carefully mixed and pressed (in a specially made press), They were 
melted in argon-filled quartz capsules under small positive pressure. 


Melting points were determined from cooling curves recorded by automatic electronic potentiometer 
EPP-0.9 and also by the method of drop formation, On the basis of melting points and metallographic and 
x-ray diffraction data obtained from some of the alloys, the probable phase diagram of the Sb—Ir system was 
outlined (Fig. 1). The peritectic curve of formation of IrSb, crystals in the temperature range 800-950°C was 
obtained by quenching the melts at different temperatures and subsequent x-ray determination of the phases 
present. 


Metallographic and x-ray Study of Alloys 


Slowly cooled melts with a high content of Sb(uptothe composition IrSbg — 34.59% Ir by weight) consist of 
the eutectic (IrSbg + Sb) and crystals of IrSb3. _ Fine crystals of IrSbg were separated from the alloy by dissolving 
antimony in a mixture of HNO, and HCl. The microscope showed these crystals to be cubes and cubes modified 
by the rhombic dodecahedron (Fig. 2,a). Tempered IrSb3 alloys are single-phased and consist of IrSbg compound, 
Normally cooled alloys are heterogeneous, The peritectic reaction of crystallization of IrSb, is not completed 
under normal conditions of cooling, 


Both quickly and slowly cooled IrSb, alloys are homogeneous compounds containing 44.11% of Ir by weight. 
Identical powder photographs were obtained from quickly amd slowly cooled crystals of IrSb,, indicating that 
the IrSb, compound is not polymorphic. 


Slowly and quickly cooled alloys of the composition IrSb (61.22% Ir by weight) appear to be heterogeneous 
under the microscope and consist of crystals of IrSb, and iridium, Polished sections of these alloys show light- 
colored iridium crystals in a ground mass of IrSb, crystals, Calculations and indexing of the powder photographs 
of the slowly cooled IrSb alloy show that it consists of two phases, crystals of IrSb, and iridium; no period 
change was observed in the lattice of iridium, Alloys with a higher content of iridium were not studied because 
of their high melting points. 


Density and Microhardness of the Alloys 


The densities of the alloys Chydr Were determined on a hydrostatic balance [1] in carbon tetrachloride. 
Table 1 gives Shydr and 0x, computed on the basis of the x-ray data obtained at room temperature. The 
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Fig. 1. Fig. 2. 


TABLE 1 


Scatter of 
microhardness,k 


Compound 


/mnt 


Sb 6.6-6.65 120-140 
ItSby 8.9 700-800 
IrSby 10.85 1100-1150 
Ir 22.4-22.5 500-680 


densities of Ir and Sb are given according to reference [2], The microhardness of the alloys was determined 
on the PMT-3 instrument with constant load of 10g on the iridenter, Determinations were made on several 
samples from different melts, and also on crystals of IrSbg and IrSb, separated from the alloys, The results 
were averaged. Table 1 gives average microhardness and the range of its variation. 


X-ray Study of the Alloys 


The structure of IrSb, was determined earlier from powder photographs [3], The compound IrSbg crystal- 
lizes in the isometric system with a = 9.230 + .002 kX and is isostructural with the mineral skutterudite CoAsg 
(4). 

Crystals of IrSb, were grown in the melts and separated by dissolving antimony with an HCl + HNOg 
mixture, Figure 3 is a photomicrograph of such an alloy with 28% Ir by weight, cured at a temperature of 
1000°C and then cooled quickly. It shows light-colored polyhedral crystals of IrSby in the etched eutectic 
ground-mass, The crystals of IrSby have the habit shown in Fig, 2,b, as well as some other forms produced 
by twinning. Crystal faces have ideal reflectivity. 


Measurements on a goniometer and on Laue photographs show that crystals of IrSb, are monoclinic, 
Regular twinning on [100] was observed on a number of crystals, Oscillation photographs obtained with Cu 
radiation by the RKOP camera gave the following dimensions of the unit cell: 


a=6.6 + 0.2 A; b=6.5 + 0.2 A,c=6.7 + 0.2A. 
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The monoclinic angle 8 = 115° + 1° was determined from a Laue 
photograph taken normal to the symmetry plane. With Shydr = 
= 10.85 g/cm* and the number of formula weights z = 4, the unit 
cell of IrSb, contains 8 atoms of antimony and 4 of iridium; 


0, = 11.1 g/cm’, 


SUMMARY 


1. A preliminary diagram of the iridium-antimony system 
has been obtained, 


2. The existence of two compounds, Ir Sb, and IrSb, has 
been discovered in the system. 


3. Density and microhardness of these compounds have been 
determined. 


4, It has been established that IrSb, is monoclinic with 
a=6.6 + 0.2 A, b= 6.5 + 0.2 A;c = 6.7. 41052.A; 6 = 115° + 1°; 
. The unit cell contains 4 formula weights, i.e., 8 atoms of Sb and 4 of Ir. 
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Ox = 11.1 g/cm 
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THE CRYSTAL STRUC TURES OF DIPHENYLIODONIUM HALIDES 


T. L. Khotsianova 


The chloride and iodide of diphenyliodonium — (CgHs)gI— Cl and (C,Hs)gI—1 — have the T-shaped configu- 
ration characteristic of trivalent iodine. Owing to steric hindrance this configuration is somewhat distorted, for 
exainple for (C,H,),I—Gl.:<1G,—I-G,, 9.8°; < C,-I=Cl, 87°;<'C,l-Cl, 174°. Lengths of bonds are: C-C, 
1.40 A and C~I, 2,08 A. Distance I~Cl, 3.08 A, is considerably greater than the length of the covalent bond 
I-Cl (2,32-2.35 A). Atoms Cy, I, Cy and Cl lie practically in one plane, but because of strong steric hindrance 
the benzene rings are brought out of it by a turn round the bond C—I. At the centers of symmetry Yh, he 0 the 
molecules join in pairs. In addition the intermolecular distances I--—Cl1 and I-—~I are found to be greatly 
diminished (3:20 A for [I=-—>Cland/3.34 A for I7—=I). 


The determination of the structures of the chloride (CgHs)yI— Cl and the iodide (CgHs)yI—I of diphenyliodo- 
nium has been described in a report [1]. Crystals of these two compounds were found to be completely isomorphic, 
and therefore only one of them is examined in detail below, the structure of the chloride, and in the iodide only 


the distribution of the heavy atoms is analyzed. 


ASASB IE 


Intermolecular Distances and Structures of Diphenyliodonium Chlorides 


Bonds be - gen a Bonds be- | Distances 


Atoms tween . Atoms tween ; 
molecules | 12 4 molecules in A 


Culie= cei) alzy qj] 3-55 (eset) i ({ 70)| 4.24 
G,(1) = C,(1V) > ye eSERD (I) == CHT) | > > 3.20 
Ci). C200) > » | (4.01) || Cll) — C1) > 3.47 
Cae tal) > »| 3.87 AUCRADY en? (4G eS » | (3.77) 
Cal) OLY) > bole (3-82) Heed Ca (1) | ) 3.82 
Colt) 1B (1V) > yee Art CHIT Cy » | (4.04) 
H,(1) — H,(IV) > plies o.04 CLT) 4.0.1) > » | (4.44) 
H,(1) — Ha(IV) > yt O.a0)T | CK =He' (iy | » | (2.69) 
C4(1) — Ha(IV) > » | 9.04 Cl) —He'(1) |» ) 3.64 
C4(I) — H3(IV) » p(n (A030) 5 ey LCP iy -" (000) 3.66 
C3(1) — Ha(IV) » »| 2.88 Ce/(T) 205 (1D) > 3.68 
C3(I) — Hy(IV) » ie (4.23) CA) Cl) » 3.80 
ai) = 2[0y 3.55 Cr) eed > 3.94 
Cl) — CCV) [oy] : Go) SH ? ee. 
Coie Ca Eieme® Msi S BY See iyeee Heil (3.40) 
GAY EEE Mo | tendo kgs itiethesuvttal| 6.0 
G,(1). — HytV) » » | 2.90 |] CLOT) Hs) | 3 @45) | 3.30 
C4’(V) — Hi(1) » » 2.54 CMH aC Ad welh > > 3.93 
Hy’(V) — H(1) » » 2.16 H,’(11) — H,(II) » > 3.07 
Ha‘(V) — H,(1) » » (2.29) 


The projection of the structure of diphenyliodonium chloride on face ac is presented in Fig. 1. Here the 
numeration of atoms and the shortest intermolecular distances are indicated. At the top of the figure the skeletal 
scheme is given, and below the packing of molecules, "framed" by means of intermolecular radii. 
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Fig. 1. Projection of structure of diphenyliodonium chloride on face ac (with indi- 
cation of the shortest intermolecular distances), 


Values of all distances corresponding to intermolecular contacts (or somewhat greater) are presented in 
Table 1. In parentheses are given distances between atoms, one of which is derived from the original with a 
necessary translation along axis b. 


It is convenient to regard the packing of molecules in the crystal as a single layer in a plane parallel to 


ac. Close superposition of layers is achieved by screw axes 2, with contacts C-——C (3.55 A) and C-———— H 
(2.94 A). Contacts that are achieved in a layer are as follows: C---—C (3.55 A), H--——H (2.16 and 2.29 A) 
and C -—-—H (2.54 A). The latter distance is substantially diminished (by 0.37 A) in comparison with the sum 


of the intermolecular radii. 


The intermolecular radii calculated according to the distances in the structure in question are as follows: 
1-2.12 A, C-1.79 A and H—1.12 A. These values agree well with the standard (I —2.10 A, C—1.80A, H- 1.17A). 


The heavy atoms grouped by fours at the centers of symmetry 4, %, 0. This group of four atoms of iodine 
and chlorine is located practically in one plane, forming a tetragon, close to a square with angles C1—-——I-—C]l = 
= 94° 58' and I-——C1—I = 84° 50’ and sides 3,08 and 3,20 A. In the structure such tetragons form columns along 
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Fig. 2. Column of tetragons of heavy atoms Fig. 3. Molecule of diphenyliodonium 


in structures of diphenyliodonium halides. chloride. 
Top — configuration according to the 
direction b, "framed" by phenyl groups connected by results of the present examination; 
valence bonds with iodine atoms (Fig. 2). Bottom -coplanar T-shaped configuration, 


The model found for the molecule is given in Fig. 3, with all interatomic distances indicated, Lengths 
of bonds are C—C = 1.40, C—I = 2.08, I-Cl = 3.08 A; thus, bonds C—C and C~I have the usual length established 
in other structures, The molecule has a T-shaped configuration; valence angles are Cy—1—Cj = 98° 19', Cy-I-Cl = 
= 87° 22', Cj-I-Cl = 174° 27', The deviation of the I—C bonds from the diagonals of the benzene rings? I-C,— 
—C,4 = 3° 41' (angle of bond I—C, with plane of ring, 1° 03'); I-Cj—C4g = 14° 20" (angle of bond I—Cj with plane 
of ring, 11° 49"). 


Equations of planes of benzene rings** 
ring I 0,645x + 0,.584y —0.493z —1.994 = 0, 
ring I' 0.087x —0.359y —0.929z + 7.614 = 0. 
Equation of plane Cy—I-C,: 
—0.0134x + 0.7666y ~0.6420z + 4.9810 = 0. 


The benzene rings do not lie in the plane Gils they are brought out of the coplanar disposition by a 
turn round bonds C~I (Fig. 3): 


* The deviation of the I~C, and I—C, bonds from the diagonals of the benzene rings and the distortion of 
normal (120°) valence angles of "key" carbon atoms is explained by the steric factors and in magnitude do not 


exceed analogous alterations in other structures, 
** Equations of planes are given in orthogonal coordinates * abc. 
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angle between planes of benzene rings 72° 16°; 
angle between plane C,-I-G and ring I: 40° 55°; 
angle between plane Cy—I~C, and ring I': 71° 20°; 


The distances of atoms Cl(1) and Cl(III) (near atom of adjoining molecule) from plane Cy—I—~Cy equal 
respectively 0.17 and 0.33 A. 


The angles of the line I-——C(III) with valence bonds of atom I: C\(III)-—-1I~Cl = 94458". (GIUI) meee I 
—C =172° 34"; C1'(II)——-I-C, = 79° 03". 
TABLE 2 


Steric Hindrances for T-Shaped Plane Model and Real Molecule 


T-shaped model Real molecule - 
Distances|Sum of | Decrease(Distances| Sum of | Decrease 

Atoms (A) radii (A)| (A) | (A) | radii (A)| (A) 
Ho-—-H, 0.44 2.34 2.20 3,42 2.34 - 

CoC, 2.22 3.60 1.38 3.95 3.60 — Decreases 
Cy-—-C, 2.94 3.60 0.66 3.44 3.60 0.46 removed 
Cl~-C, 8.35 3.60 0.25 3.45 3.60 0.15 

Cl--H, 2.43 2.97 0.54 2.89 2.97 0.08 

1 = 5,03 z, = 0.69 

Ci---1 3.03 3.90 0.87 2.89 3.90 1.04 

Ce—-1 3.03 3.90 0.87 3,14 3.90 0.76 

C,---I 3.03 3.90 0.87 2.98 3,90 0,92 Decreases 

: 8 

Cyl 3.03 3.90 0.87 3.05 3,90 0.85 saya 
Hy—I 3.10 sera 0.47 2.96 3.27 0.34 

H-—-I 3.10 Srl 0.17 3.31 a220 — moved 
Hy-—I 3.10 3:27 0.17 3.16 527 0.44 

H5---I 3.10 3.27 0.17 3.03 3.20 0.24 | 

De = 4.16 a, = 4.20 
+2, = 9.19 


x + Dy = 4.89 


The plane model of a molecule of diphenyliodonium chloride with an ideal T-shaped configuration (i.e., 
with angles C,—I—Cl and C,—I-—C, = 90° and angle C;—-I—Cl = 180°) is shown in Fig. 3. In such a molecule 
there are very great steric hindrances (Table 2): the sum of the decreases of all intramolecular distances from 
their normal values is equal to 9.19 A (5.03 A may be removed from them by changing the valence angles, so 
that 4.16 A remains). In the real model a large part of the steric hindrances is removed or considerably decreased 
by means of the above-indicated turns of the benzene rings round the bonds CI and some alteration of the valence 
angles Cy—I—C,, Cy—I-Cl and C,-I-Cl. The sum of the steric hindtances is thereby decreased to 4.89 A, only 
0.69 A being removed from them, 


—{ a0 gy cv a ro Sie LY 
° o ° oe 
3.08A 4.24A 3.29A 4.50A 
ce ee em as I ae I es BI Ps he 2 wen 
3.20A | 3.4A | 
Scheme I Scheme 2 
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Fig. 4. Projection of structure of benzene iododichloride C,HsICly on face ac 
(with designation of shortest intermolecular distances), 


In the calculation of the steric hindrances standard values were taken for the intermolecular radii I —2.10A; 
Gi IE 80TA IG — 1S0rAL HE sae 


The most interesting feature of the structure is the pairing of molecules at the centers of symmetry of the 
type /,, %, 0 with the unusually small "intermolecular" distance I-——— Cl = 3,20 A (instead of the sum of 
intermolecular radii 2,12 + 1.79 = 3.91 A). This distance exceeds by only 0.12 A the intramolecular distance 
I—Cl1=3,08 A and characterizes the singular “dimerization” of the molecules in the crystal. Undoubtedly, the 
bond I —Cl in the molecule (CgHs)yI— C1 is strongly polar. Actually, in the case of the covalent bond the 
distance I—Cl should work out to 2.32-2.35 A. Considering the strong polarization of the bond I—Cl, the "dimer" 
complex can be viewed as having a certain analogy to the hydrogen bond (for example, in dimers of organic 
acids, see Scheme 1). 


A tendency toward a similar dimerization in a crystal* is manifest in the substantial change in the intra- 
molecular and intermolecular distance I-Cl. The first increases and the second decreases, the increase and 
decrease being practically the same (0.7-0.8A). One of the obstacles to a complete equality of both distances 
is the steric hindrance between the chlorine atom of the adjoining molecule and the benzene ring (distance 
C\(Il1)--—H,(1) = 2.69 A, decrease by 0.22 A). 


In the structure of diphenyliodonium iodide the formation of a “quadrupole” is accompanied by still 
greater equalization of the intra- and intermolecular distance. The first increases from 2.66 to 3.29 A, the 
second decreases from 4.2 to 3.34 A. Both distances are found to be practically equal, which is to be expected 
since in this case the quadrupole is formed by atoms of one sort (see Scheme 2). 


The T-shaped valence configuration of the iodine atom with valence angles close to 90° and 180° was 
established earlier [2] in the crystal of phenyliodochloride [benzene iododichloride (iodobenzene-chlorine 


complex)] C gHsIC te (ig. em ihe molecule of benzene iododichloride is plane with angles C1-C-—I = 86° 
and fehgthot of bond I—Cl = 


* Dimerization apparently may also be observed in solution, In this connection the determination of molecular 
weight of diphenyliodonium halides in different solvents would be of great interest. 


49 


55 


Cl 
s— & ct 7 


Fig. 5. Segment of molecules in the structure Fig. 6. Configuration of CIF; 
of benzene iododichloride . molecule. 


As seen in Fig. 4, there is also observed in this structure a tendency toward association in the crystal by 
virtue of the considerable polarity of the I-Cl bonds, as a result of which there occurs some equalization of the 
intra- and intermolecular distance I~Cl: the first increases from 2.32 to 2.45 A, the second decreases from 
3.90 to 3.40 A. However, in the present case the polar ends of the molecules do not group at the centers of 
symmetry, but at the screw axes 2,, Therefore there emerge not "dimers" but endless segments of molecules 
(Fig. 5). Equalization of intra- and intermolecular distance I—Cl here is considerably less complete than in the 
structure of diphenyliodonium chloride. 


Examination of chlorine trifluoride CIF, by means of x-ray analysis [3] and microwave spectroscopy [4] 
showed that a molecule of this compound both in the crystal and in vapor has a T-shaped configuration (Fig. 6). 
A strong tendency of the molecules toward association is observed also in this case, pointing to the lamellar 
character of the crystal structure and, what is especially interesting, to dimerization in the liquid and even in the 
gaseous state. 


It is customary to derive the valence configuration of trivalent iodine, bromide and chlorine [2, 3] and 
also tetravalent selenium and tellurium from a trigonal bipyramid (Fig. 7); three (or four) electrons form hybrid 
bonds sp*d, and one or two points to the pyramid "remain occupied by unpaired electrons.". We think that 
such a derivation is rather lacking in rigor and needs corroboration by quantum mechanical calculation, 


In conclusion it is expedient to dwell on the valence configuration of pentavalent iodine. The structures 
of n- chloriodoxybenzene [5] [p-chloroiodobenzene dioxide] [para chlor—iodoxy— benzene (ref. [5])] 


Gi-aggG and periodic acid [6] have been examined in detail. 
O 


From the standpoint of quantum chemistry the iodine atom in these compounds is only formally penta- 
valent; it is more correct to consider it as trivalent doubly-ionized iodine with electronic configuration, As in 


the case of trivalent iodine, here there are three o-bonds; only one of them is covalent, and two are semi-polar 
(doubly disconnected), However in contrast to trivalent iodine these bonds will form only on account of the 
p-electrons, which also will bring about a valence configuration of the trigonal pyramid with valence angles 


of iodine equal to 90°. Actually in the anion 103 the valence angles O—I—O equal 96.98 and 101°, i.e., some 


deviate from 90° to the plus side on account of mutual repulsion of the oxygen atoms, and the bonds I—O have a 
length of 1.80, 1.81 and 1.89 A. 


In the molecule of p-chloroiodobenzene dioxide (Fig. 7) the valence angle O-I—O equal 103°,. and 
valence angle C-I—O amount to 94 and 95°, The deviation of angle O—I—O from 90° is well explained by 
the interaction between atoms I and O of different molecules; actually, the corresponding distances I-—-—— O 
amount to 2.62 A (instead of 3.3-3.4 A, corresponding to the sum of the intermolecular radii), i.e., here also 
there is observed a tendency toward association in the crystal with the formation of infinite segments (as in the 
structure of benzene iododichloride ). 


The tendency of the molecule toward association in the crystal is not confined to iodo-organic compounds, Until 
now thecase studied in most detail was association due to formation of hydrogen bonds, We wish to note, also, the much less 
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studied, but probably also very prevalent case of dipole-dipole association, 
which is duly observed in the presence of strongly polar bonds and a suitable 
form of molecule and can lead to the formation of not only dimers, but 
infinite segments, bands, layers and skeletons. Such association can cause 
the formation of molecular compounds similar to the complexes of coumarin 
with mercurichalides studied in the x-ray analysis laboratory of this institute 
[7]. As~a rule, association is accompanied by substantial deformation of 
molecules, which is in itself of great interest. 


The present work is the first in a series of investigations of the crystal 
structures of the above-mentioned compounds being conducted in the x-ray 
analysis laboratory of this institute. Under study at present is diphenyl- 
iodonium fluoroborate [(CgHs)eI] [BF4], having an ionic structure, and some 
bromine and chlorine compounds. 


Fig. 7. Valence configuration, 
corresponding to hybridization 
sp’d, and the derivation from 
it of a T-shaped configuration In conslusion I consider it my pleasant duty to express thanks to Iu. 
with two unpaired electrons, T. Struchkov for direct participation in conducting the investigation and to 


Fig. 8. Projection of structure of p-chloroiodobenzene dioxide on 
face ac. 

Decreased intermolecular distances I-——O, between molecules, 
connected by axes 2, are indicated by a broken line. 


the laboratory director A. I. Kitaigorodskii for constant interest and attention. 
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ELECTRICAL PROPERTIES AND REAL STRUCTURE OF 
SINGLE-CRYSTAL GERMANIUM FILMS PRODUCED BY 
EVAPORATION IN VACUUM 


G. A. Kurov, 8S, A. Semiletov and Z. G. Pinsker 


A study has been made of the electrical properties and structure 
of single-crystal germanium films produced by evaporation in vacuum 
on surfaces of germanium single crystals. The single-crystal character 
of the films, found by electron diffraction analysis, is confirmed by 
microscope and electron-microscope examination. The electrical 
properties of the films, however, point to the existence in them of a 
large number of defects, evidently not disclosed by the electron 
diffraction method, 


The hypothesis is advanced that the defects in such films are 
analogous to the defects produced in the deformation of a single 
crystal. 


Previous work [1] indicated the possibility of producing highly oriented (single-crystal) germanium films 
by evaporation in a vacuum onto a hot germanium single crystal. In the work now described, electrical 
measurements were made on similar films, and the latter were also examined by the electron diffraction method 
and microscopically, 


The investigation of the electrical properties of these films is of theoretical and practical interest. It 
is known that germanium films, produced by evaporation in vacuum on an amorphous support (glass, quartz, 
etc.) consist of very small crystals about 1075-107 cm in size. Such finely crystalline films have relatively 
high electrical conductivity and the type of their conductivity (hole type) does not depend upon the type of 
conductivity of the evaporated material. The mobility of the charge carriers in such films is considerably less 
than in compact specimens. The above-mentioned difference between the electrical properties of evaporated 
germanium films and those of compact specimens is explained in the literature [2] as being due to the influence 
of acceptor surface levels, which are of decisive significance in finely crystalline films. If the dimensions of 
the small crystals in the film are increased, however, the part played by the surface levels ought rapidly to 
diminish, At the same time, one would expect the electrical conductivity of the film to diminish and the 
sign of the charge carriers in it to be determined by the type of conductivity of the evaporated material. With 
increase in size of the small crystals, the mobility of the carriers ought also to increase. Judging by the data 
given in the literature, the influence of the surface levels ought not to count at crystal dimensions of about 


10n cm. 

The study of single-crystal germanium films is also of interest from the point of view of their technical 
application, 

In the work described in Reference [1], the supports employed were single crystals of germanium, etched 
after polishing and heated to a temperature of about 900°C. The thickness of the films in [1] did not exceed 2p, 


In the present work, thicker films(up to 20-30y, area ~10 x 4 mm?) wereoptained by evaporating in vacuum 
pieces of(n and p) germanium having a specific resistance of from 2 to 30 ohm * cm, which were placed ina tungsten 
or graphite holder andheated by electron bombardment, Evaporation was either onto a surface of germanium single 
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Fig. 1. Electron diffraction pattern from a germanium 
film produced by evaporation on to a crystal heated to 
550°C, 


Fig. 2, Electron diffraction pattern with Kikuchi lines and 
bands from a single-crystal germanium film, produced by 
evaporation on to a crystal heated to 900°C, 


crystals, preliminarily etched in boiling hydrogen peroxide for from 5-10 minutes, or on to.a cleavage face of 
these single crystals. 


As the result of numerous experiments, it was found that in order to produce films with a sufficiently 
perfect structure (for film thicknesses of up to 20-30 y ), evaporation had to be carried out on to single crystals 
heated to above 750-800°C, the structure of the films being more nearly perfect, the higher the temperature 
of the support, With supports at lower temperatures (500-700°C) the films formed have a quite imperfect 
structure. The electron diffraction patterns of such films show many spots arranged in the form of a regular net- 
work (Fig. 1). This is evidence of the mosaic structure of the films, i.e., of the presence in them of individual 
blocks, rotated through angles of about 2-3° relatively to each other. A substantially different picture is 


54 


obtained by evaporating on to single crystals heated above 750-800°C. The electron diffraction patterns 
obtained from such films (Fig. 2) show fairly sharp Kikuchi lines and bands, characteristic of single crystals 
with perfect structure of the surface layer [3]. This indicates that a film formed by evaporation on to single 
crystals is a single-crystal film. 


Electrical measurements of the films were also made at the same time as the structure investigations. 
The specific resistance, Hall emf and thermo-emf were measured, The film thickness was determined by 
weighing. The material .of the supports consisted of plates of n and p type germanium having a specific resis- 
tance of from 2-30 ohm+cm. The mobility of the charge carriers in such plates, as determined from the ratio 
of the Hall constant to the specific resistance, was 1-2.5+103 cm’/v+sec at room temperature, 


Fig. 4, Photograph of a germanium film pro- 
duced on the polished surface of a single 
crystal heated to 550°C (x 300). 


Fig. 3. Photograph of etched surface of germanium 


TOO SSE aS In the present work, films were also eva- 


porated on to glass and polished corundum (at 
support temperatures of, respectively: 450-550°C and 750-900°C). The films on glass at room temperature had 
a specific resistance of 2-7 « 107? ohm+cm; the mobility of the charge carriers (holes) in such films was with- 
in the limits of 70-250 cm*/v+sec. The films of corundum had a specific resistance of about 1-5°107! ohm: 
-cm; the carrier mobility was 300-450 cm*/y+sec. It should be pointed out that when the germanium films 
were annealed at temperatures of 500-900°C for 6-12 hours, their electrical properties were only slightly altered, 
For example, such annealing caused the specific resistance to be increased by 10-20%, 


The films on a single-crystal support were subjected to further investigation, It could be assumed that 
the electrical properties of the highly oriented (single-crystal) film would not differ substantially from the 
properties of the compact specimen, since such a film ought to continue the single-crystal lattice, Further- 
more, the grown-on layer of a thickness of about 10°* cm ought not to influence appreciably the properties of 
the single crystal as a whole. A rather unexpected result, however, was obtained, It was found that a film of a 
thickness of several microns shunts the single crystal of thickness of about 1 mm. For example, in one of the 
experiments, a film of thickness 18.5 4, was formed at 550°C on a germanium crystal of thickness 0.7 mm and 
specific resistance p = 10.5 ohm+cm, The result was that the effective specific resistance of the entire specimen 
(film + single crystal) was diminished to 0.83 ohm+cm, For the film it was 2.2° 10°? ohm-cm. 


It should be remarked that the evaporated film adhered permanently to the crystal and it was found 
impossible to detach it. Measurements of the films were therefore made while taking into account the shunting 
effect of the support. The mobility of the charge carriers and their concentration in the film evaporated on the 
crystal were estimated as follows. The Hall emf of the crystal support was about 107! vy, but after the evapora- 
tion of the film, it was about 107° v. The ratio of the resistances of crystal and film (in the direction in which 
the Hall emf was measured) was approximately 10, The Hall emf of the specimen, during the evaporation of 
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Fig, 5. Photograph of a germanium film produ- 
ced on the polished surface of a single crystal, 


heated to 900°C (x 300). Fig. 6. Photograph of germanium film pro- 
duced on the cleavage surface of a single 

the film, diminished rapidly, since the film shunted crystal (x 405, dark field illumination), 

the crystal, It follows from this that the Hall emf heated to 900°C. 


in the filmi did not exceed about 107° v, It was 
therefore possible to determine the lower limit of the possible values of the carrier concentration and (from the 
product of Hall constant and conductivity) the upper limit of the values of charge carrier mobility in the film. 


The measurements showed that the Hall constant and mobility in films evaporated on to a crystal are 
even lower than in the finely crystalline films evaporated on to corundum. Analogous results were obtained 
for films produced on the cleavage face of a single crystal. At the same time, no substantial difference was 
observed in the electrical properties of films produced on supports at temperatures of 550°C and 750-900°C. 

In all cases of the evaporation of a film on to a single crystal, the effective specific resistance of the specimen 
was sharply diminished, the Hall constant fell (by approximately 2 orders), and the mobility diminished sharply. 
In, one case, for example, the Hall constant of the film was no more than about 3 cm¥coul, specific resistance 

was 0.02 ohm*cm, and the carrier (hole) mobility did not exceed 1.5+10? cm?/v+ sec, 


It should be observed that all the films investigated possessed hole conductivity, regardless of the type of 
conductivity of the evaporated material and support (determination was made from the sign of the Hall constant 
and the thermal emf). Annealing the films did not materially affect their electrical properties. If electron- 
conducting germanium was used as support, heating to above 500°C followed by rapid cooling transformed the 
specimen into hole-conducting germanium (the well-known influence of thermal acceptors). On long-continued 
annealing at 500°C, the crystal again assumed electron conductivity. A film on such a crystal invariably re- 
tained hole conductivity. Thus, for films evaporated on to the surface of a germanium single crystal, the values 
of electrical conductivity, Hall constant and carrier mobility obtained at room temperature were approximately 
of the same order or even less than for the finely-crystalline films produced on corundum, 


The following experiment was carried out to examine the possibility of contamination of the films during 
evaporation. By evaporating n-type germanium on to corundum, we obtained as usual a film with p-type con- 
‘ductivity, This film was then melted, In melting, the film was destroyed and a few small droplets of germanium 
were formed on the support. After long-continued annealing of the solidified droplets at a temperature of 500°C, 
it was found that the germanium had been transformed into electron-conducting germanium and its specific 
resistance had sharply increased, i.e., the germanium had acquired the properties of the evaporated material. 
Etching one of the drops showed that it was a single crystal (Fig. 3). Thus, the hypothesis of the decisive role 
played by impurities getting into the film during the evaporation process must be rejected, For this reason, we 
came to the conclusion that the properties of the single-crystal films we had produced were due to defects 
formed in their structure during the evaporation process and possibly during the subsequent cooling. 


In addition to what has been described, the single-crystal films were subjected to microscopic examina- 
tion. In the case of evaporation on to an etched surface of a single crystal, the picture, obtained depended 
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Fig. 8. Photograph of cleavage surface 


of germanium single crystal (x 9900). 
Fig. 7. Photograph of germanium film pro- 
duced on the cleavage surface of a single substantially upon the orientation of that surface. 
crystal, heated to 900°C (x 9900). Figure 4 shows the photograph of the surface of 

a germanium film having a thickness of about 
20 (x 300). The parallel orientation of the grown elevations (or depressions), bounded by the important 
crystallographic planes, is clearly to be seen, The dimension of the elevations attains 50 » in cross section. 
Such a picture, together with electron diffraction data, points to the single-crystal character of the grown layer. 
The layer evidently continues the lattice of the crystal support. Figure 5 shows a photograph of a germanium 
film having a thickness of 18 yp ( xX 300), evaporated on to the etched surface of a single crystal, heated to 
about 900°C. Here again, the parallel orientation of the grown elevations can be observed. In this case, the 
crystal was polished so that the growth of the layer occurred along the fourth order axis (the etch figures show 
this). The size of the elevations is here of the order of 20-30 py. 


As was pointed out above, germanium films were evaporated on to cleavage faces of single crystals, 
heated to 800-900°C, In one case, evaporation was carried out in such a way that only the central part of the 
cleavage surface was exposed to the germanium vapor, the edges being screened. The specimen obtained 
permitted simultaneous observation of the surface of the film (thickness 10 p) and the cleavage face on which 
no film was produced, To reveal the finer structure of the film, the specimen was etched slightly with hydrogen 
peroxide. Figure 6 shows a photograph of the etched surface of the film ( x 405, in dark field illumination), 
The etch figures are here arranged along portions of straight lines, forming an almost continuous regular net- 
work, with meshes of rhombic form having angles of 60 and 120°, It should be noted that the etch figures on 
the cleavage face, on which the film was formed, are disposed in disorderly fashion over its Surface (see below). 


At our request, L. Aleksandrov of the electron microscope laboratory of the IGEM of the Academy of 
Sciences, USSR, obtained photographs of the surface of this specimen under the electron microscope. Collodion 
replicas of the film and cleavage surface were obtained and then shadowed with chromium. Figure 7 is a repro- 
duction of the photograph of the film replica and Fig. 8 that of the etched cleavage surface (x 9900). As will 
be seen from Fig. 7, the etch figures on the film are regular hexagons with the same orientation, spaced at 
equal distances apart and arranged along the boundaries of arhombus, whichis the growth figure. The etch 
figure of the cleavage face (Fig. 8) likewise have a regular orientation, but are arranged in disorderly fashion 
over the surface, 


It is well known that the arrangement of etch figures reflects the structure of the crystal surface, since 
etching usually commences at points of lattice defects (grain boundaries, accumulations of impurities, steps, 
etc.) The picture we have obtained (Fig. 7) discloses the so-called substructure of the single crystal. Evidently, 
the layer consists of individual blocks, separated from each other by narrow regions with distorted lattices, or 
micro-cracks. Electron diffraction and microscopic examinations show that the size of these blocks is fairly 
large, of the order of tens of . From data on the electrical properties of the films it is, however, possible 
to draw the conclusion that each of these blocks evidently also has a “fine structure” [4], i.e., in its turn con- 
sists of many smaller blocks, 
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The foregoing also relates to films produced on the polished surface of a single crystal. It should be 
noted that the symmetry of the etch pattern in Fig. 6 agrees with the symmetry of the pattern obtained in 
Ref. [5] from the (111) face of a germanium single crystal bent around the [110] direction. 


In [6] a germanium single crystal was subjected to uneven cooling. This resulted in a deformed specimen, 
the (111) face of which revealed an etch pattern similar to ours, In [6] it is shown that in such a specimen, 
slip occurs along the faces an octahedron, the etch figures being arranged along the traces of the slip planes. 


Thus, in the single-crystal film obtained by us on the (111) cleavage face, the symmetry of arrangement 
of the defects coincides with the symmetry of the slip lines. This evidently points to the common nature of 
the defects in the film and in the deformed single crystal. It should be noted that in the theory of plasticity 
as developed at the present time in foreign literature, the block structure of single crystals is associated with 
the presence of so-called dislocations. In the deformation of a single crystal, a change in its electrical pro- 
perties is observed, which is likewise explained by the occurrence of dislocation, For example, in [5], a 
change in the electrical conductivity and concentration and mobility of the charge carriers was observed 
during the bending of an n-type germanium single crystal about the [110] direction, the carrier mobility di- 
minishing. In our films, the concentration of the defects is much greater than in a bent single crystal. This 
explains the low mobility of the charge carriers in a film in comparison with a compact crystal, The defects 
mentioned are evidently not revealed by the electron diffraction method. The anomalous electrical proper- 
ties of the films as investigated by us are thus not due to the small dimensions of the small crystals, as is 
observed in the case of films produced by evaporation on to glass or corundum, but to defects in their real 
structure. 
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NEUTRON DIFFRACTION STUDY OF IRON-NICKEL 
ALLOYS OF THE PERMALLOY CLASS 


B. G. Liashchenko, D. F. Litvin, I. M. Puzei and Iu. G. Abov 


Single crystals of Fe—Ni alloys (50, 70, 75, 80% permalloys) 
and alloys containing Mo, Cr, Cu (Mo-permalloy, supermalloy, 
74% permalloy with Cr and 75% permalloy with Cu) have been 
studied by means of a. single-crystal neutron spectrometer. The 
concentration region of the existence of the superlattice has been 
defined on the basis of the experimental data. The temperature- 
dependence of the intensity of the superlattice reflection has been 
measured and the dimensions of the long-range order regions in 
the ordered alloy of stoichiometric composition Nij;Fe have been 
estimated, Certain peculiarities of the ordering of the ternary 
solid solution containing chromium have been discovered, 


The work was carried out using the experimental physical 
heavy water reactor of the Academy of Sciences of the USSR. 


Many peculiarities of the iron—nickel alloys, of considerable interest on account of their magnetic proper- 
ties, are very closely related to the atomic structure of these alloys. The existence of a superlattice, established 
for the stoichiometric composition Ni3Fe by direct x-ray diffraction studies [1] and more recently by neutron 
diffraction studies, has enabled a qualitative explanation to be given for the physical and technological anomalies 
of the properties of permalloys, apparent during their treatment and alloying and which, in fact,have been one 
of the principal causes giving rise to the entire problem of magnetically soft alloys of this series. 


At the same time, however, this problem is far from being completely solved from the theoretical aspect, 
In this connection the most important point appears to be the question of the nature of the ordering in iron— nickel 
solid solutions, the components of which are characterized by very close values of the atomic radii and similar 
chemical properties. The question of the stimulus which causes the ordered arrangement of the atoms of Ni and 
Fe among the lattice points of the solid solution is common to a number of systems of metals of tle transition 
groups, and essentially is one of the least studied subjects of solid state physics. 


The phenomena occurring in alloyed permalloys (ternary alloys with additions of Mo, Cr, Cu and other 
elements) differ still further by their greater complexity and confliction. This relates above all to those anomalous 
states of the solid solution (called. the "K—states"), which were discovered recently in Mo-permalloy [3, 4] and 
Cr-permalloy [5] when the electrical resistance, volume and some other characteristics of the alloys were 
measured. The concept of the formation, within the solid solution, of a special close-range order and local dis- 
tortions of the crystal lattice, associated with the atoms of the alloying element, like other less probable views 
of the nature of these anomalous states, are nowadays unfortunately no more than a hypothesis, At the same 
time, it must be assumed that a fairly wide special class of single-phase solid solutions is involved here, since 
similar special states have been observed by a number of investigators in very different alloys containing 
elements of the transition groups. 


With the availability of nuclear reactors, it has become possible to apply the methods of neutron diffraction 
to the solution of these problems. These methods make it possible not only to overcome a certain limitation in 
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the x-ray diffraction analysis of the superlattice, due to the monotonic dependence of the scattering amplitudes 
upon the atomic number of the element, but also to obtain valuable data regarding the magnetic moments of the 


atoms of components in alloys of transition metals. 


EXPERIMENTAL METHOD*® 


The method employed was that of neutron diffraction analysis of single-crystal specimens without pre- 
liminary monochromatization of the radiation [7]. This method ensured greater radiation intensity, and a 
sensitivity in the analysis of the permalloy superlattice of one order higher than the method of neutron diffraction 


Fig. 1. Diagram of apparatus. 

1) Tank wall; 2) graphite lining; 3) slide; 4) fission chamber and preamplifier; 5) plug; 
6) protective wall of reactor; 7) single-crystal specimen; 8) screening box; 9) protection 
of spectrometer detector; 10) spectrometer detector; 11) spectrometer rails; 12) oscillo- 
graph; 13) room background detector; a) detector supply; b) linear amplifier and pulse 
discriminator; c) scaler; d) pulse number counter, 


analysis using polycrystalline specimens on the Debye-Scherrer principle [2]. The neutron source was the 
experimental physical heavy water reactor of the Academy of Sciences of U.S.S.R. [8]. The apparatus was based 
on the neutron crystal spectrometer of the Academy of Sciences of U.S.S.R. [9]. Figure 1 shows a diagram of 
the apparatus. 


The polished single-crystal specimens in the form of spheres 8-11 mm in diameter [10] were mounted in 
a special crystal holder, terminating in an x-ray type of goniometric head, All the adjustments of the specimen 
position in the crystal holder and their check in the microscope were carried out on a separate adjusting table, 
whereupon the crystal holder with the specimen was transferred to the spectrometer. The accuracy of orientation 
of the axis of the crystallographic zone of the crystal, on which were located the exits of third and fourth 
order axes by means of a magnetic anisometer, was also checked on this table. The final adjustment to the 
maximum of the diffraction reflections was made by further adjustment of the crystal position in the holder 
according to intensity measurements of the reflected neutron beam, Figure 2 is a general view of the crystal 
holder mounted on the adjusting table. 


Notwithstanding the fact that the shape of the reflection curves was incorrect in a number of cases be- 
cause some specimens had a defective structure [11], perfect reproducibility of the results of the diffraction 
reflection intensity measurements was obtained when the specimen was remounted on the spectrometer after 
going through the complete cycle of adjusting operations, 

The degree of long-range order was estimated from the difference in intensities of the neutron flux 
scattered in all orders from the (010) planes for an alloy which had been subjected to a 600-hour stepped 


* A more detailed description of the method and apparatus employed will be found in [6], 
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Fig. 2. Crystal holder with adjusting table. 


TABLE 1 
X-rays [12] Nucisas eee Magnetic scattering [2] 
ree ea Espa! Ke SEP eg ON cae USE 
(sin 6|A=0. 5)\° pee 1Fe ae iim Tee ee intdtes 05)|8/Ni + fe 
Fe 3.27 0.96 ~0.20 
Ni | 3.58 Ae | {2030R nes Sree ns ous 


annealing in the temperature range 600-300°C (heat treatment R,) and an alloy quenched from 600°C, a temper- 
ature above the critical point (heat treatment R,). In the latter case, the intensity of the higher orders of 
reflection was measured for a normal face-centered cubic lattice. The main contribution is in this case provided 
by the second order, i.e., the (020) reflection. The intensity of this reflection is determined almost entirely by 
scattering of neutrons at the nickel and iron nuclei and therefore represents the background (independent of the 
degree of order of the solid solution), on which are superimposed the diffraction reflections from the ferromagnetic 
superlattice of the permalloy. Such a picture of the diffraction of neutrons at an iron-nickel alloy crystal follows 
from a consideration of Table 1, which gives the values of the amplitudes of neutron scattering by the nickel and 
iron atoms (alloy of the composition Ni3Fe) and the ratio of the structure amplitudes for the Ni3Fe superlattice 
and the normal face-centered lattice. For purposes of comparison, the table also gives the corresponding data 
for x-ray scattering. 


The highly mosaic character of the single crystals studied means that specimens having a diameter of 
about 10 mm behave with regard to the diffraction of neutron radiation mainly like “thin” crystals [13]. Specially 
conducted experiments confirmed this [11]. 


All the measurements of the intensity of the superlattice (010) reflection (as well as higher orders) were 
accompanied by a measurement of the (111) reflection intensity, which in the case of the face-centered cubic 
lattice does not depend upon the degree of atomic order in the alloy, It was therefore possible to use the (111) 
reflections as standard, with which the results of the intensity measurements of the superlattice reflections were 
compared. In order to avoid additional errors, these two reflections were photographed with the detector station- 
ary (20 = const). In this case, the (010) reflection with a wavelength A yo = 1.08 A, situated close to the maximum 
of the Maxwell spectrum of the reactor neutrons [9] corresponds to the (111) reflection with a wavelength Ayu = 


= oo//3. 
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The accuracy of the measurements of the relative magnitude of the (010) reflection intensities, being 
‘ * 
dependent upon the magnitude of the statistical error in counting the number of neutrons, was about +2%, 


RESULTS OF THE MEASUREMENTS 


The chemical composition and some other data of the single-crystal specimens are given in Table 2, 


IWAN he 
ea Axis of easiest magneti- 
Chemical composition in at. % Diameter |zation [10, 14] 
Specimen? Ges ict 2 eee of sphere ee 
num ber Alloying ; After quen-| In equilibrium 
NI | Fe additions Ba ching from | condition at 
600° room temp. 
{ 49.3 50.7 ce 9.690 [010] [010] 
2 69.7 30,3 -- 11.344 [010] [4144] 
3 75.5 24,5 — 9.310 [111] [114] 
4 81.6 18.4 =e 8,583 [114] [114] 
5 78.8 18.9 2.3% Mo |. 10.340 [010] [144] 
6 79.4 17.2 3.4% Mo. 8.940 (010} [144] 
7 73.4 23 6 3.0% Cr 11.104 [010] (111) 
8 74.6 24.7 3.7% Cr 11.058 [144] (141] 
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Fig. 3. Reflection for specimen No. 1 after heat treatment 
Ry (crosses) and Ry (circles). 


Figure 3 shows the reflection curves for specimen No. 1 after heat treatments R, and Ry. The figure shows 
that the superlattice is absent in this alloy. In Fig. 4 the effect of the NisFe superlattice (specimen No. 3) is 
clearly to be seen. 


It is noteworthy that this effect for specimen No, 3 (as well as for specimen No. 2) is much greater than 
was to be expected from calculations based on the results given in [2]. 


Comparison of the intensities of the superlattice reflections from specimens No, 1-4, which had been 
subjected to identical heat treatments R, and Ry, shows the existence of a pronounced asymmetry in the curve 
of the "order — disorder” phase transformation, as regards the stoichiometric composition Ni3Fe. Since the 
intensity of the (020) reflection varies only slightly with the concentration of the solid solution (see Table 1), 


* Along with the neutron diffraction analysis of the superlattice, an investigation was also made on the same 
specimen of the dependence of the magnitic anisotropy constant upon the heat treatment. The results of these 
measurements are discussed in [14]. They will here be considered merely to the extent to which they relate to 
the fundamental object of the present investigation. 
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Fig. 5. Temperature dependence of the intensity of superstructure reflection from specimen 
No, 3. 

The symbols A, O,0 and A, the scale of which correspond to the magnitude of the experi- 
mental error in measuring the counting rate, denote on the lower graph the positions at which 
the respective curves merge with the background. 
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the degree of long-range order may be estimated from the ratio of the areas of the reflection curves, obtained 
after heat treatments R, and Ry of the alloy. If we consider the parameters of the long-range order for specimen 
No, 2, subjected to heat treatment R,, to be equal to 0.9% the above-mentioned asymmetry of the transition phase 
curve in binary Fe—Ni alloys may be characterized by the following values of this parameter: for specimen No, 
1— zero; for specimen No. 2 —0.9; for specimen No. 3—0.75; for specimen No. 4~zero. No correction has been 
made in the calculation for the variation in amplitudes of the magnetic scattering of neutrons by the atoms of 

the alloys in view of its small magnitude [2]. 


For measuring the temperature dependence of the intensity of the superlattice reflection, specimen 
No. 3 after a fresh ordering heat treatment Ry, was subjected to three-hours’ annealing at 470, 495, 510, 515, 
525 and 600°C followed by quenching from these temperatures (this series of heat treatments will be referred to 


The results of these measurements are given in Fig. 5 (upper graph). The plot given in the lower part of 
this figure shows the manner in which the intensity of the superlattice reflection varies, this magnitude being 
determined as the difference between the intensity for the given temperature and the intensity after quenching 
the specimen from 600°C (heat treatment R,). 


The maximum value of the long-range order parameter for specimen No, 3 (repreated heat treatment Rg) 
was found to be 0.80(instead of 0.75). This difference in parameters exceeds the experimental error and is 
connected with the more rational conditions and better 
temperature regulation in carrying out heat treatment Ry 
in the latter experiment. This fact, coupled with the 
circumstance that the long-range order parameter in the 
alloy with 69.7% Ni (specimen No. 2) was found to be higher 
than in the alloy of stoichiometric composition Ni;Fe, 
demonstrates that 600-hour annealing in the temperature 
Cl SRG image parauap ernasta He range 300-600°C is inadequate for bringing about a state 
Isothermal annealing of equilibrium in the alloy. Due to the complete identity 

semperaeure of the heat treatments Ry and Ry for all the specimens 
(excluding the second experiment with specimen No. 3), 
this does not, however, prevent one from drawing quite 
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Figure 6 (upper graph) shows the dependence of the 
long-range parameter upon the isothermal annealing 
temperature for specimen No. 3. On the basis of the 
} exclusion of a phase transition of the 2nd kind, which fol- 
Po eneaaat eee Re ake : lows from the general theory of atomic ordering according 

ature 6 Ret to Landau and Lifshits [15] for alloys with a face-centered 
cubic lattice, the long-range order parameters should 
drop sharply to zero above 525°C, Extrapolation of the 
Fig 6, Dependence of long-range order para- curve towards high temperatures ought in that case to give 
meter and constant of magnetic anisotropy a value of about 530°C for the critical temperature. 
upon the isothermal annealing temperature 
of specimen No, 3. , 


0 


Constant of magnetic 


anisotropy 


It is possible to arrive at a similar conclusion if we 
consider the analogous dependence of the constant of 
magnetic anisotropy, shown in Fig. 6 (lower graph). These measurements were made collaterally with the 
neutron diffraction measurements on the same specimen No, 3 at the temperature of liquid nitrogen, The "tail" 
in the high-temperature region is due to the presence of a close-range order above the critical point. This was 
confirmed by an investigation of the dependence of the constant of magnetic anisotropy upon the isothermal 
annealing temperature of specimen No. 1 and some others [14], where according to neutron diffraction data, 
superlattice is absent, 


* Despite the fact that there is some foundation for this choice (incomplete saturation of the properties, concen- 
tration disordering) the figure 0.9 is to some extent quite arbitrary, 
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It has also been found [14] that in the case of the reverse sequence of the heat treatment Rg for specimen 
No, 3 (transition from the disordered to the ordered state) there is a substantial shift, towards lower temperatures, 
of the curve of the dependence of the anisotropy constant. This is evidence of a temperature hysteresis of the 


transformation in this alloy and may be connected with the discrepancy found in published values for the critical 
point. 


It will be seen from Fig. 5 that the width of the (010) reflection curve of the alloy with the stoichiometric 
composition Ni3Fe is much greater than the width of the (020) reflection curve. Calculation using the Seliakov — 
Scherrer formula enables the linear dimensions of the long-range order regions to be estimated at approximately 
30 A. Such regions contain altogether only about a thousand elementary cells of the crystal lattice. 


If we assume that the atoms of the alloying elements are distributed chaotically among the lattice points 
of permalloy, an estimation of the long-range order parameter in specimens Nos 5-8, like that performed for 
the first four specimens, gives zero for specimens Nos. 5 and 6, 0.75 for specimen No. 7 and 0.3 for specimen 
No. 8. The preferred distribution of the chromium and copper atoms (for example, among the "iron" points of 
the lattice of the ordered alloy) may reduce this value somewhat, but in any event not more than by 1%. 


DISCUSSION OF THE RESULTS 


For some time now, investigators have observed the asymmetrical shape of the “composition — property” 
curves in respect to the stoichiometric composition Ni3Fe for binary iron — nickel alloys in an equilibrium 
condition. These effects have been noted in measurements of the lattice parameter [16], electrical resistance 
[17], magnetic anisotropy [10, 18], magnetostriction [18] and other physical magnitudes. More direct data 
indicating assymetry of the curve of the "order — disorder" transition phase in these alloys were obtained in the 
work described in [19], in which the transmission of polycrystalline specimens was measured in white neutron 
irradiation. The result obtained in the work described in the present paper indicates that the enumerated effects 
are in fact due to peculiarities of the phase transformation in Fe —Ni alloys. 


Analyzing the data of the ordering of the solid solutions Co— Pt and Ni~ Pt, Smoluchowski advanced the 
hypothesis that the magnetic interaction of theatoms may constitute a substantial part of the ordering energy 
of a solid solution [20]. In that case, the pronounced dependence of the ferromagnetic Curie point upon the 
concentration of the solid solution ought to result in a nonsymmetrical shape of the "order — disorder" phase 
transformation curve with respect to the stoichiometric composition, which is observed in the above-mentioned 
alloys of platinum with cobalt and nickel. Smoluchowski also made the supposition that a similar asymmetry 
ought also to be observed in iron and nickel alloys. In this system, the conditions for verifying such hypotheses 
were particularly favorable, due to the fact that the effects of the magnetic interaction are not masked in this 
case by the relaxation of the large elastic distortions of the crystal lattice or the formation of an additional 
ion bond, which evidently occurs in the formation of the CoPt and NiPt superlattice. 


According to Leech and Sykes [1], who measured the specific heat of the alloy with the stoichiometric 
composition Ni3Fe, the ordering energy of the latter Q < 5° 10°° a - This magnitude is comparable with the 


energy change of a ferromagnetic on transition from the ordered state of a solid solution to the disordered state: 
* 


NEV esx 
spin 


is fundamentally of ferromagnetic origin. 


. Such a situation suggests the idea that the ordering energy of iron-nickel alloy solid solutions 


This concept is also supported by other data obtained in the present work. Thus, the absence of the NiFe 
superlattice, which would be characterized by a layer structure (lattice of the CuAu or CuPt type), may be 
explained from this point of view by the increase in free energy of the alloy during its ordering, due to the inter- 
action of the atoms of a strong ferromagnetic (iron) through a layer of atoms of a weak ferromagnetic (nickel). 
In the limit case, in the presence of a nonferromagnetic component in the ferromagnetic alloy, the formation 


3 kO 
The estimation of AE as the difference of ae for the ordered and disordered state (9 is the ferromagnetic 


Curie point) leads to a low resuli, since the experimental value of 9 for the ordered phase [21] is always found 
to be lower than it is in actual fact, due to partial disordering in the process of heating the specimen, 
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of a superlattice of the CuAu type would result in two-dimensional ferromagnetism, which is thermodynamically 
disadvantageous. From this point of view, the close-range order region, which in Fe~ Ni alloys evidently extends 
as far as the stoichiometric composition NiFe,/[19, 10, 18, 17], should be connected not with the NiFe super- 
lattice, but with the Ni,Fe superlattice. 


On the other hand, additions of chromium and copper in the alloy of Ni3Fe stoichiometric composition 
have a different influence on the formation of the superstructure. In this alloy, chromium atoms evidently 
possess a considerable magnetic moment [2] and enter into antiferromagnetic coupling with their surroundings. 
This antiferromagnetic coupling must evidently be regarded as the cause of the sharp drop in saturation magneti-~ 
zation when nickel atoms in the alloy are replaced by chromium atoms. Thus, according to data [10], the alloy 
with 76.7 (at.) % Ni and 23.3 (at.) % Fe has J, = 900 gauss at room temperature, while the alloy with 73.4 + 3.0 
(at.) % (Ni + Cr) and 23.6 (at.) % Fe has Res 780 gauss. If the chromium atoms in the alloy had no magnetic 
moment, the replacement of such a small portion of the nickel by chromium would not lead to such a consider- 
able drop in saturation, It must be assumed that, due to this antiferromagnetic coupling, chromium atoms, as 
distinct from copper atoms, actively participate in the formation of a three-component Ni; fe, Cr) superlattice. 


The possibility is not excluded that there is a continuous transition from the Ni;Fe superlattice to those 
special states which have recently been observed in the alloy with the stoichiometric composition NiCr [22],, 
possessing a structure that is isomorphous with NigFe. In this connection, it is logical to suppose that NigCr is 
an antiferromagnetic, The formation of the "K-state" in Cr-permalloy, in agreement with the most prevailing 
concepts [4, 5], may be ascribed to the special close-range order which chromium atoms form within the Nig 
(Fe, Cr) superlattice. 


The ferromagnetic nature of the ordering energy does not, of course, contradict the requirement of the 
theory of Landau and Lifshits [15] for the necessity of a phase transition of the 1st kind in the ordering of Fe—Ni 
alloys, The small dimensions of the regions of long-range order in the ordered alloy are, in this case, due not 
merely to the sluggishness of the diffusion processes [23], but mainly to the competition between the gain in 
free energy on the appearance of a new phase and the loss due to the work of formation of a surface of separation. 
If we consider that supercooling is equal to a temperature hysteresis of transformation, which is observed 
experimentally, while the equilibrium crystal nucleus of the ordered phase has a mean dimension of 30 A, since 
quantitatively, the ordered phase in the alloy increases only at the expense of the appearance of fresh nuclei, 
then according to Gibbs phase theory, the coefficient of surface tension should not exceed tenths of an erg per 
square centimeter. This value is two or three orders less than the known values of the coefficient, characteri- 
zing crystallization from a melt or the condensation of vapor. 


Two-dimensional ferromagnetism, if it exists at all, ought in that case to contribute to a coefficient of 
surface tension less than the indicated value. 


The final solution of the problem of the part played by ferromagnetic energy in the ordering of solid 
solutions and furthermore, the extension of the concepts set forth above to other systems (including antiferro- 
magnetics) will only be possible when a sufficiently large amount of experimental data has been analyzed. In 
this connection, further neutron diffraction and magnetic studies of Fe—Ni alloys, as well as of alloys such as 
Fe— Co, Co—Ni, Ni- Mn, Ni-Cr and a number of others, ought to shed sufficient light on these problems, 


The authors wish to take this opportunity of expressing their profound gratitude to Academicians G. V. 
Kurdiumov and A. I. Alikhanov for fruitful discussions and advice in the course of the work. 
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THE STATE OF FIXATION OF THE CATIONS OF METHYLENE BLUE 
ON THE CRYSTALS OF MONTMORILLONITE AND THE CAPACITY 
OF THE LATTER TO FORM ORIENTED AGGREGATES 


N. E. Vedeneeva and L. I. Tsukerman 


The doublet adsorption of methylene blue on montmorillonite clays 
is related to the formation of oriented aggregates, Because of their rela~- 
tively large ionic potentials, the cations of Nat, Ca", Mg"* which are 
present in montmorillonite clays aid in the formation of film-like oriented 
aggregates, The presence of cations with small ionic potentials, such as K* 
and NHg', interferes with the formation of films. 


A very sensitive new method is given for the determination of cations 
in montmorillonite clays; this should simplify the identification of clay 
minerals, 


In investigation of the mineralogical composition of clays with the aid of dyes [1] an important diagnostic 
feature, is the change in the spectrum of methylene blue (M. B.) adsorbed on montmorillonite clays, caused by 
the introduction of potassium ions into the clay suspension, An explanation of the mechanism of this phenomenon 
was given by one of the authors [2]. It was based on the hypothesis of doublet (two-point) fixation of the cations 
of methylene blue on the basal pinacoids (001) of montmorillonite crystals. Doublet adsorption requires geo- 
metric order and, above all, the preservation of interatomic distanceson these faces. These conditions can be 
fulfilled only by montmorillonite particles with sufficiently extensive (001) faces. 


The hypothesis of doublet adsorption together with electron microscope data for montmorillonite with 
introduced ions of Na+, Ca** and HgO* [3] led to the supposition [2] that the change of M.B, spectrum is influenced 
by the ionic potentials Z/r of the cations [4](Z - charge, r - ionic radius). Cations with relatively high ionic 
potentials aid in edge to edge aggregation of the highly disperse crystals of montmorillonite which forms large, 
pseudomonocrystalline scales [3]” with smoothed out defects along the edges and thus creates favorable conditions 
for doublet adsorption of M.B. Cations with smaller ionic potentials have the opposite effect. 


This explanation makes it clear why in the presence of Na*, Ca Mg"* or Pb** ions the adsorption band 
of M.B. adsorbed on montmorillonite lies in the 560-580 my region, while K*, NH,*, Cs* and other ions with 
small Z/r shift it toward the red end of the spectrum and the spectral curve has the usual ionic maximum, 


The data in [1] are insufficient to serve as a firm basis for the hypothesis. Moreover, it is desirable to have 
a simpler, more easily controlled method for judging the character of aggregation of montmorillonite crystals. 


One of the diagnostic features of montmorillonite particles under the electron microscope is the presence 
of characteristic "spikes" [5] whose nature is not clear at present. We believe that these spikes are actually 
rolled up edges of the extremely thin films formed as the result of edge to edge aggregation of the particles and 
that the well known property of epee Suspengions to form durable thin films on drying is due to the 
same cause. It is to be expected that Nat, Ca® * and Mg?* will not prevent formation of such films while K* will. 


* Formation of oriented aggregates of hexagonal crystals of aluminum hydroxide is clearly seen on electron 
micrographs, 
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Fig. 1. Photomicrographs of typical montmorillonite films. 
a, b, c) Films obtained from undyed suspensions; d) film from a suspension 
dyed by benzidine (plus sign indicates ability to form doublet adsorption). 


Bearing these points in mind, we attempted to observe under the microscope the appearance of “oriented 
aggregates” of clay particles whose fragments were recommended by Vikulova [6] for determination of the 


refractive indices of clay minerals. 
The method of obtaining these preparations is described at the end of the article. 


Figure 1 shows four photomicrographs of typical montmorillonite aggregates or films photographed in 
oblique reflected light. These thin films (Fig. 1, a and b) are perfect. Usually they have the shape of scrolls or 
twisted ribbons. In Fig. 1, photographs a, b, and c were obtained from undyed suspensions and the plus sign 
indicates that these supensions are colored violet by M.B., i.e., that the latter forms doublet adsorption on the 


clay particles, The suspension of Fig. 1, d was dyed by benzidine. 


Seeking an answer to the question which interested us, we investigated in detail two samples of mont- 
morillonite, one of which was obtained from V. V. Petrov (Tsikhis-Uban' locality, from the depth of 130 m) 
and the other from I. I. Ginzburg (weathered mantle, Kazakhstan), 
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Fig. 2. Photographs illustrating the action of ions and heating on montmorillonite clay 
suspensions, Montmorillonite from Tsikhis-Uban" locality: 

a) film from suspension colored by M.B.; b) film from suspension colored by M.B, with KCl 
added; c) film from suspension colored by M.B. with KOH added; d) film from suspension 
colored by benzidine with KC] added; e) film from a heated suspension colored by M.B. : 
f) film from a heated suspension colored by M.B, with KC1 added. 

Sign - indicates susceptibility to doublet adsorption, 


Figure 2 shows the effect of introduction of K* into a suspension made from the first sample and dyed by 
M.B. An aggregate in the form of a thin scroll (Fig. 2,a) was obtained from this suspension, Evidently M.B., 
like benzidine, does not prevent the formation of a film. 


Addition to the suspension of a few drops of a saturated solution of KC] (which destroys the doublet 
maximum on the spectral curve of the adsorbed M.B. [2]) has a strong effect on the shape of the aggregates, 
and clots of montmorillonite form instead of a film (Fig. 2,b). The minus sign on the photograph indicates that 
doublet adsorption is absent. 


The destructive effect on the film must be ascribed not to the chlorine ions or the undissociated KC] mole- 
cule but to the K* ion. Indeed, an analogous effect is obtained when KOH is used instead of KCl (Fig. 2, b). 
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Fig. 3. Photomicrographs illustrating the effect on Z/r on suspension of montmorillonite 
clays. 

Montmorillonite from Kazakhstan: a) film from suspension with NaOH added; b) film 
from suspensien with KOH added 

Montmorillonite from Tsikhis-Uban': c) film from suspension colored by M.B.; d) film 
from suspension colored by M.B. with KC1 added; e) film from an undyed suspension 
with CaCl, added; f) film from suspension dyed by M.B, with CaCl, added. 


Methylene blue does not play an active part in destroying the capacity for film formation, Thus, if the 
suspension is colored by benzidine instead of M.B., and KCl is added, the resulting aggregates (Fig. 2,d) look 
exactly like those in Fig. 2,b, i.e., they consist of clots, Benzidine (Fig. 1,d) does not destroy the film- 
forming capacity. The destruction of this capacity in this case also is due to the K* ion. 


The effect of the ionic potential of the cations Na* and Ca?’ introduced into the suspensions, on one 
hand, and the Kt, on the other, is shown in Fig. 3. 


The photomicrographs (Fig. 3,a and b) are of montmorillonite from Kazakhstan, which gives a very 
perfect thin film (Fig. 1,a and b), Addition of a small amount of NaOH (Fig. 3,a) does not impair this pro- 
perty; rolls of thin, transparent film show clearly in the photograph. This film will not form if a cation with 
a lower ionic potential is introduced, for example, if KOH is substituted for NaOH (Fig. 3,b). As for the color 
of the suspensions, in the first case (Na), it is violet, in the second (K), bluish-green, 


The same phenomena were observed with montmorillonite from Tsikhis-Uban'. 
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Fig. 4. Photomicrographs illustrating introduction of cations into the montmoril- 
lonite lattice. 

a, b) films from suspensions saturated with Na; c, d) films from suspensions saturated 
with Me?; e) film from suspension saturated with Gat: f) film from suspension saturated 
with K, 


That the difference in the effect of NaOH and KOH must be ascribed to the difference in the values of the 
ionic potential of the Na* and K" ions is convincingly shown by the aggregates from an undyed suspension of 
Tsikhis-Uban’ montmorillonite to which 2 or 3 drops of CaCl, solution were added, thus introducing into it the 
Ca*" ion with a larger ionic potential than that of Na+, These films are more perfect in structure than those of 
the Kazakhstan montmorillonite. If CaCl, is added to a previously dyed suspension, the same effect is observed 
(Fig. 3,a). In experiments with other clays, we observed that Mg?* behaves in the same way as Na* and Cat". 
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Suspensions which form films are always colored violet; M.B, has doublet adsorption on the particles of 
these suspensions (plus signs on the photographs). When the film does not form, there is not doublet adsorption. 


In investigation [2] it was shown that on the crystals of a montmorillonite sample, saturated after 
electrolysis with ions of Nat , Mg", and (ort methylene blue has doublet fixation. If, however, Kt ion is 
introduced the "doublet" maximum on the spectral curve is absent. The form of the curve indicates that the 
action of K* introduced into the lattice is not as strong as when KCl is added to the suspension. 


Figure 4 shows montmorillonite clay aggregates saturated with these ions, Photographs a and b show 
aggregates with Na* and Mg?* forming tightly twisted spirals. The aggregate saturated with Ca (the suspension 
is colored violet by M.B.) is a rough opaque film unlike the thin transparent film shown in Fig. 3,e and f. 


In this connection, the authors of article [3] note that the pseudo-monocrystals of montmorillonite are 
visible under the electron microscope only when they are not completely saturated with Ca”*, Saturation 
produces a solid coagulated mass in the form of a thick filmshownin Fig. 4,e. Experiments show that the 
doublet fixation of M.B, is possible on this film also. This film differs from the aggregates shown in Fig, 4,f 
(for K) and in Figs, 2,c and 3,b (for KOH). 


In article [2] spectral curves are given for dyed suspensions which were heated in boiling water and which 
lack the doublet maximum also (but which differ in form from the curves obtained from identical suspensions 
with KC]). In this connection, it is supposed that heating of suspensions with adsorbed M.B, destroys the initial 
"monocrystalline" aggregates and that their reaggregation after cooling is not as orderly as the initial one. This 
is reflected in the form of the spectral curves, and , therefore, must affect the capacity for forming films. 


Figure 2,e is a photomicrograph of aggregates obtained from a heated suspension of a sample from Tsikhis- 
Uban'. They are unlike the aggregates shown in Fig. 2, b and d or the aggregates from a heated dyed suspension 
with KCl (Fig. 2, f). | | 


It should be noted that the aggregates obtained from suspensions with KOH (Fig. 2,c; Fig. 3,b and d) are 
also unlike those obtained from suspensions with KCl. They appear to be somewhat better ordered, which can 
be logically ascribed to the stabilizing effect of the OH ion. 


The results obtained by us give a positive answer to the question posed in the beginning since they show 
convincingly that the doublet adsorption of M.B. on montmorillonite takes place only in those cases when the 
highly dispersed crystals are capable of forming thin films. 


These results are very important for the study of clays by the staining technique and have also an 
independent interest since they furnish a new method for the study of clay minerals and clays. 


Preparation and Investigation of Mounts, For the preparation of mounts we used a method recommended 
by Vikulova [7] modifying it slightly to suit our purpose. A 0.25-0,.30 g sample of clay was moistened with 
water and ground in a porcelain mortar. After a thorough six-minute grinding, the mortar was filled with 20 cm 
of water, the mixture was well stirrer and poured into a test tube. After 2-3 hours, the upper part of the sus- 
pension (to the depth of 7 cm) was carefully transferred by a pipette into a small shallow evaporating dish and 
placed in a drying oven with temperature of 37°C, Evaporation lasted 6-8 hours producing a thin, dense layer of 
dry clay. To make a suitable microscopic mount this layer was cut into very thin slices with a fragment of a 
safety razor blade. The slices were placed on object glasses, in a drop of kerosene, and covered with cover glas- 


3 


ses. 


If dyed aggregates were studied, staining was done immediately after preparation of suspensions, which 
were allowed to stand for 2 to 3 hours. To some suspensions 2 to 3 drops of NaOH or KOH (0.1 N) or of the 
saturated solution of KCl were added, All of the aggregates illustrated in the photomicrographs, Figs. 1, 2, and 
3, were made from deflocculated suspensions. 


The mounts were studied and photographed by oblique reflected light obtained by means of a parabolic 
mirror attached to the microscope stand. This type of illumination discloses the most important morphological 
characters of montmorillonite aggregates, which are invisible in transmitted light. The rolls of thin, transparent 
films, for example (Fig. 1, a, b, c, 2,a, 3,a, etc.) are very well seen against a dark field, and under oblique 
illumination have an almost three -dimensional appearance. The texture of partly transparent films becomes 
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visible, etc. Photography was done with objectives x 8 and x 10, and oculars x 5 and x 10 on 35 mm panchro- 
matic film with the photomicrographic camera constructed by the Institute of Crystallography, Acad. Sci. USSR. 
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ANOMALOUS BISEC TRIX DISPERSION IN 
ORGANIC PIGMENT CRYSTALS 


N. M. Melankholin 


A quantitative study of bisectrix dispersion in crystals of 
three pigments showed that this dispersion is anomalous. When 
the dispersion curve was compared to the previously studied 
absorption spectra of the same crystals, a relationship was estab- 
lished between the anomalous dispersion and the absorption bands 
of the crystals, but not, as a rule, with absorption bands due 
to those vibrations whose directions cause dispersion. Extinction 
dispersion was largest in the diagonally oriented crystals. 


As is well known, the crystals of monoclinic and triclinic crystal systems show bisectrix dispersion, i.e., 
dispersion of the principal axes of the optical indicatrix. In the case of monoclinic crystals one axis and the indi- 
catrix symmetry plane perpendicular to it remain nondispersive; in triclinic crystals all three indicatrix axes may 
cause dispersion [1]. 


Dispersion is usually characteristic of all optical constants of a substance, and in case of highly absorbing 
substances an anomalous dispersion behavior has been found and studied for a series of constants in different 
parts of the spectrum. The theory and experimental study of the anomalous dispersion of certain constants (index 
of refraction, rotation of polarization plane) show that the dispersion is anomalous only within strong absorption 
bands, It would be natural to assume that the bisectrix dispersion would likewise be occasionally anomalous. 
Howevert,,to date, there are no experimental or theoretical papers dealing with this question. 


We have studied the absorption spectra of crystals of various organic pigments for definite polarizations of 
light vibrations.. We had to pay special attention to the fact that the directions of the oscillations in a crystal 
often change considerably along the spectrum, which indicates a considerable bisectrix dispersion, The bisectrix 
dispersion was further quantitatively studied by measuring the dispersion of the angles of extinction in crystals 
of three pigments of the thiazine group: methylene green, neomethylene blue and thionine blue. The crystals 
were obtained by means of slow evaporation of a drop of pigment in water solution placed on a glass plate. 
These crystals have not been studied as yet crystallographically, but apparently all of them belong to the mono- 
clinic group (or are very close to monoclinics), This is confirmed by the fact that in crossed Nicols, in every 
preparation some of the crystals show a sharp total extinction, and others considerable extinction dispersion. 
Although the conoscopic figures of these crystals are not very clear they nevertheless make it possible to distin- 
guish between the crystals oriented in one of the indicatrix planes of symmetry approximately parallel to the 
glass and those which are diagonally oriented. For the measurement of curves of extinction dispersion we chose 
crystals whose dispersion was as great as possible. The measurements were carried out by means of a polarizing 
microscope. The crystal chosen was mounted for extinction with a consecutive introduction of various monochro- 
matic interference light filters, and the position of extinction was read off on the graduated circle of the micro- 
scope table. The curves for extinction dispersion were drawn from these calculations. 


As can be seen from these curves, the bisectrix dispersion is anomalous in all the crystals studied, i.e., with 
the consecutive change in the wavelength, the indicatrix axes rotate first in one direction, then in the opposite 
direction, and then again in the original direction. A dispersion of this nature is observed for example in crystals 
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crystal of neomethylene blue. a diagonally oriented crystal of neomethylene 
(Dashed line shows the position of the absorption blue. 


band), 


of neomethylene blue when their orientation corresponds to dichroism from blue to deep-violet, The extinction 
dispersion curve for these crystals (Fig. 1) resembles the well known curve of the anomalous dispersion of the index 
of refraction. It is natural to assume, therefore, that the anomalous bisectrix dispersion is also related to the 
absorption bands. As the absorption spectra of differently oriented crystals of the above-mentioned pigments had 
been alteady studied [2] it was possible to compare them with the curves of extinction dispersion which had been 
measured with definite orientations of the crystals. 


The curve shown in Fig. 1 refers to the dispersion of axes ng and np of the indicatrix; the absorption spectrum of vibra- 
tions parallel to these axes is characterized by intense bands at 605 and around 640 my. If the bisectrix dispersion is consi- 
dered normal in the middle section of the curve and anomalous at the ends, then the latter band may be related to the right 
branch of the curve, but there is no appreciable band for its left branch in the absorption spectrum of neomethylene blue. 

If the bisectrix dispersion is considered anomalous in the middle section of the curve, which seems more natural judging 
by its general appearance, then the dispersion anomaly is not connected with the absorption bands arising from 
vibrations causing dispersion (along the ng and n, axes). However in the absorption spectrum of the crystal there 
is one intense band at 567 my, i.e., coinciding exactly with the middle section of the dispersion curve (in Fig. 1 
this band is shown by a dashed line) but this band belongs to the absorption spectrum for vibrations parallel to 

the ny, axis. Apparently only this band can be related to the anomalous bisectrix dispersion of crystals. If this 

is true, then the dispersion of the ng and np axes is due to the absorption vibrations perpendicular and not parallel 
to these axes, Such an unexpected result seems quite incomprehensible and so far has not been explained. 


Similar curves for the dispersion have been obtained for 
several crystals, more or lesss similarly oriented. For a crystal 


2 whose NgMp plane was inclined in relation to the glass, a more 

6 complicated dispersion curve was obtained (Fig. 2), with a depres- 
sion in place of the peak in the first curve. This depression may 

“ be due to another absorption band (in the 500-520 my region), 

D appearing only in the absorption spectra of diagonally oriented 
crystals, and therefore, related to the absorption of those vibrations 

n which,in this case, cause dispersion. Thus with a certain orien- 

400 500 600 a tation of the crystal, anomalous extinction dispersion may be due 


simultaneously to the absorption of dispersive vibrations and 


Fig. 3, Curve of bisectrix dispersion in a f , 
vibrations which are approximately perpendicular to them. 


methylene green crystal. 
A comparison of the two given curves shows also that the 
extinction dispersion of a diagonally oriented crystal is consider- 
ably (almost triple) larger than in a crystal whose ngnp plane is oriented parallel to the glass, This seems very 
strange, especially if the neomethylene blue crystals are classified as belonging to a monoclinic crystal group, 
for which the greatest extinction dispersion should be observed in one of the symmetry planes of the indicatrix. 
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diagonally oriented crystal of thionine blue. 

Fig. 5. Curve of extinction dispersion for a thio- 

For crystals of methylene green the measure- nine crystal with a different orientation. 

ments of extinction dispersion were also carried out 
largely in the NgNp plane or in planes slightly diverging from it. The dispersion curves obtained for these crystals 
have a more complex form (Fig. 3) than for the crystals of neomethylene blue; such a curve shape can not be, 
obviously, due to a single absorption band, Absorption spectra of the crystal with the orientation which was chosen 
for the measurement of extinction dispersion is characterized by one very intense band at 590 my and another, 
weaker one, at 455 mu. As the extinction dispersion curve had a peak at 590 my it is evident that the more 
intense band has no connection with the anomalous dispersion. Taking this into consideration and also taking into 
account the absence of a completely appropriate band for the short wave portion of the curve, it must be apparently 
assumed that the dispersion is anomalous in the middle section of the curve, which also agrees better with its 
shape. In this case only the intense band at 560 my, observed in the absorption spectra of a methylene green 
crystal, may be considered as responsible for the anomalous dispersion. However this band is very weak in the 
absorption spectrum of vibrations causing dispersion and arises apparently from the absorption of vibrations 
approximately perpendicular to them. 


Thus the anomalous bisectrix dispersion for methylene green crystal apparently obeys the same laws as for 
the crystal of neomethylene blue, The distortion of the dispersion curve in the long wave region of the spectrum 
may be due to the intense absorption band at 610 my, observed with a certain diagonal orientation of the crystal 


[2]. 


With a certain inclination of the ngn, plane of the indicatrix in relation to the glass, the dispersion curve 
on the whole keeps its form, but around Bab my. a definite peak appears. Quantitatively the extinction dispersion 
increases rapidly (more than twice) as in the case of the above observed effect for crystals of neomethylene blue. 


In thionine blue crystals curves of extinction dispersion were measured only for diagonal orientations. The 
curves obtained sometimes have the regular form of an anomalous dispersion curve (Fig. 4), sometimes they are 
distorted at both ends. The dispersion is, apparently, anomalous in the middle section of the curve, i.e., practic- 
ally in the same region of the spectrum as in the case of the first two pigments. However the absorption band 
around 558 mp, which brings about the anomaly, belongs,in the case of thionine blue crystals,to the absorption 
spectrum of the vibrations causing dispersion. The other curve, measured for a somewhat differently oriented 
crystal, is slightly distorted at the ends (Fig. 5) but shows a very great anomalous extinction dispersion, reaching 
almost 30° in a range of only 40 mp. 


Thus the study of the anomalous bisectrix dispersion in crystals of certain organic pigments showed that in 
these crystals the dispersion is anomalous. It may be that this is a general characteristic of highly absorbing 
crystals. 

The anomalous bisectrix dispersion, as other previously studied forms of anomalous dispersion, are related 


to the absorption bands of the crystal studied. In crystals of all three pigments studied, the basic anomaly is due 
to almost identically placed absorption bands lying in the 558-570 my region, The comparison of the absorption 


ae 


spectra of a series of thiazine pigments (2] leads to the conclusion that this band corresponds to the absorption 
of vibrations more or less close to the direction of the long axes of the pigment molecules in the crystal lattice 
(‘'molecular" band). 


In spite of the fact that the crystals studied belong (or are very near to) a monoclinic crystal group, the 
largest extinction dispersion is observed for them in diagonal sections and not in sections which are parallel to 
the symmetry planes of the indicatrix. 


Such features of the anomalous bisectrix dispersion, found in the crystals studied, seem contradictory and in- 
comprehensible from the point of view of the normal ctystallo-optical ideas and evidently need to be verified by 
means of a study of bisectrix dispersion of other similar crystals, At the same time,in order to understand the laws 
experimentally deduced, it is necessary to develop the theory of anomalous bisectrix dispersion further. 
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ON THE POSSIBILITY OF OPTICAL DETECTION OF 
DAUPHINE TWINNING IN QUARTZ 


V. L. Indenbom 


The practical possibility is discussed for optically detecting 
Dauphine twinning in stressed quartz crystals. Quantitative analyses 
are performed for the cases of crystals observed parallel to and 
perpendicular to the principal optic axis. The possibility of using 
an electric field in place of an external mechanical stress is dis- 
cussed, 


The Difference in the Optical Indicatrices of the Components of Dauphine Twin- 
ning in a Stressed Crystal 


It is well known [1] that the two components of Dauphine scattering in quartz are optically equivalent. 
The symmetry operation corresponding to the Dauphine law (rotation by 180° about the Z axis) changes neither 
the optical indicatrices nor the direction of rotation of a plane polarized wave. As opposed to Brazil and Japan 
twinning, whose presence in quartz is easily detected by the bright colored interference patterns which occur 
when the crystal is inspected between crossed Nicol prisms, the detection of Dauphine twinning necessitates 
successive grinding and etching of the sample [1-3], which is not only work consuming, but cannot guarantee 
that twinning does not occur within any chosen piece of the crystal. 


It is usually asserted that it is impossible to detect Dauphine twinning in quartz by optical methods, but 
this refers only to an unstressed crystal, Let us consider the changes in the optical indicatrices of the components 
of Dauphine twinningin the field of a mechanical strain, For this we may make use of the data of Pockels 
[4, 5], who measured the optical strain and stress constants for many crystals, and although several mistakes 
were made in this work [6], those for quartz were all correct, If in an unstressed quartz crystal the equation of 
an optical indicatrix is 


ae? + y? ate aL == 4 (1) 


(where ng = 1.5442 and n, = 1.5533 are the principal indices of refraction), then when the stress is applied, the 
indicatrix is given by 


Ay, L? + Aggy? + gg2® + 2dggy2 +- 23,24 + 2a,,ty = 1, (2) 


where the aj} are linear functions of the stress tensor ©}),, given by 
rt ees See Saar = a @ {15x = Ty29y ah T1392 + TyaTyz} , 


4 
Co FW saa yaa {Ty 90x Ty Sy Ty 397 — Tyatyzh , 
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As, — — = — {731 (Sx + oy) + 9392} , 
é 


Aggy = — {Tg (Sx — Gy) + Tagtyz} , (3) 
Agy = — {Tqatex + 27 try} , 
Ayn = — {My gtex + (11 — Te) Txy}y 


Here the mj, are the photoelastic constants, and according to Pockels [5] they are 


Thy T12 T13 T14 T31 T33 Tag Tay 


1,06 2.46 1.93 —0.095 2.72 0.18 —0.991 —0.314 


(where all quantities are multiplied by 10’ and given in cm? /kg). 


Let us compare the optical indicatrices of the components of Dauphine twinning in a crystal subjected to 
a homogeneous stress, The twinning components differ from each other by a rotation of 180° about the Z axis, 
which corresponds to changing the sign of the X and Y axes. Such a transformation leads to a change in those 
components of the optical tensor in which the expanded sets of (four) indices contain the indices of the X and 
Y axes an odd number of times. In the following table of the optical constants we indicate these components: 


11 ™a %18 TH, O 0 
To1 T11 T13 — Ty, 0 0 
131 31 Tag 0 0 0 
1 —T%, 0 Tae (OO 0 
0 0 0 0 44 2741 
l 
0 0 0 0 iq | Tyi—Ty2 


It follows from this that the difference in the optical indicatrices of the twinning components is deter- 
mined only by the coefficients m4 and m4,, whose magnitude is much less than that of the other photoelastic 
constants, As can be seen from (3), the components of Dauphine twinning are optically equivalent only if 
Ox = Oy and all the tangential stresses 74; vanish. | 


At first sight it may seem that Dauphine twinning could conveniently be detected optically by the same 
methods as those used by Pockels in determining 144 and m4). It is found, however, that in these determinations 
Pockels made use of complex measurements of the absolute retardation of the rays, and obtained m44 and m4 
only in combination with other constants which are much larger than the desired ones, 


For this reason we shall discuss the possibility of detecting twinning in a simpler manner, based on the 
effect of relative retardation of the rays, 


Observation Along WINE 74 /Noglhg 


For simplicity let us assume that the only nonzero tangential stress is Tyze Then the index of refraction 
ellipse is given by 


Arye 4 
(a ois T1ety:] x? + (a ot *1%y2) yi ts (4) 


where the upper sign is used for one component of twinning, and the lower sign for the other. This leads to 
biaxial crystals with the angle between the axes given by 2Q, where 
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sin? Q =~ 7 a : (5) 


the plane of the optical axes, however, coincides with the XZ plane in the first case, and with the YZ plane in 
the second case, In the first approximation we have 


A ame — ng SE igty: = 40,35 -10 7 xy. 


(6) 


(where T,, is given in kg/cm?), When Tyz = 100 kg/cm?, the twinning according to Equation (6) should lead 
to double refraction whose magnitude is 35 mu /cm, but with different signs. 


The phenomenon is complicated, however, by the rotation of the plane of polarization, According to 
the general theory of Voigt [7] there propagate, in optical biaxial elliptically polarizing media, two eliptically 
polarized waves with similar and mutually perpendicular elliptical vibrations such that the principal axes of 
the ellipses lie along the directions along which the vibrations would occur if there were no rotation of the plane 
of polarization (Fig. 1). The difference between the squares of the propagation velocities v, and v, of these 
waves is the geometric mean of the difference between the velocities vy and wy of the right and left rotated 
waves in the monoaxial medium (in the present case the unstressed crystal) and the difference between the 
squares of the velocities vx and vy which would occur without rotation of the plane of polarization;* in other 
words, 


ve — of = Vo — oft + (vt — 08). (1) 


If the velocities hardly differ, the differences between the squares can be replaced by the differences 
between the velocities themselves or simply by the differences between the index of refraction, and we arrive 
at the well known rule for the phase change of waves in doubly refracting media with axes slowly rotating 
along the ray, which has been recently treated in detail in its application to optical stress analysis (see for 
instance, [8-10] 


Aran —n,= V+ (2). (8) 


Here A is the proper birefringence of each layer, » is the wavelength, and p is the rate of rotation of the axes 


= 


dy 
along the ray. In our case A = nx “Ry, p is the specific rotation of the plane of polarization and oa = ny = Oy 


= 4, is the circular birefringence of the crystal. 


For any actually attainable stresses, |Al<<| Ap |, and it follows from (6) and (8) that a stress Tyz changes 
the index of refraction for right and left rotation by the amount 


se ee (9) 


In particular, for the D line Ap = ny =i = 7.1+107° [11] and 


ite wal Ps ty (Tyz, in kg /cm?). (10) 


When 7,, = 100 kg /cm® we have A" = 1.7-107", or only 1.7 my/cm, which is twenty times less than the value 
obtained from (6). 


* To be specific, we shall discuss right circularly polarized quartz (v; > vj). 
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Fig. 1. Splitting of rays parallel to the Z 
axis in a stressed quartz crystal, 


Fig. 2. Diagram of optical detection of 
Dauphine twinning, observing along the 
Z axis. 
P and A are the polarization planes of the 
polarizer and analyzer, respectively. The 

Up to this point, however, we have used only rest of the notation is given in the text. 
the phase difference of the two rays, ignoring their 
amplitude. In addition, the axial ratio of the ellipse for each elliptically polarized ray also depends on the 
birefrigence A [4]. If Tyz > 0, then in the faster ray the major axis of the ellipse is parallel to the X axis, 
and the axial ratio « is given by 


In other words, one can hardly detect the cir- 
cular birefringence caused by a stress Tyz. We arrive 
at exactly the same conclusion in attempting to use a 
stress T,, to separate twinning. 


fig | AUER aie 11 
Va2+ 22-44 (tt) 


(the notation is simpler than that of Equation (8), and A> 0). 


Let us consider, following Pockels, optical effects which will be observed if the analyzer is set diagonally 
with respect to the X and Y axes. As an analyzer, however, we shall use not a wedge compensator, but a quarter 
wave plate. Let the analyzer be oriented so that the vibrations in the ray leaving the unstressed crystal be along 
the bisector of the angle XOY (this is done by rotating the polarizer through an angle pg = p +d with respect to 
this angle bisector, where d is the thickness of the crystal along the ray). After leaving the stressed crystal, the 
vibrations along the X and Y directions in the right and left rotated rays will be given by 


X, = COS tat, XL; = x sin (wt —v), 
Yr =xsinot, y, = cos (wt — 4) os) 


(where w is the angular frequency of the vibrations, and y = at + A'+d is the phase difference between the 


rays). For the vibrations along the axes of the /4 plate (Fig. 2) we then obtain 


(cos wt +- x sin wt), 


hee Gs 
Va cos 5) 
7s sl 2 (13) 


n -> (sinwt + x coswt). 


The plate introduces an additional phase shift of 1/2, and we obtain 
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1 
x’ = —— cos 4 (coset + x sin wt), 


V2 (14) 


’ 


1 
y= -= sin ¥ (cosot — sinwl 
5 5 ( x Sin wl). 


In the plane rotated through an angle gy with respect to the X' axis, the square of the amplitude is given 
by 


1 
AN = 71 +?) + cos ()— 29) + x? cos (+ 2¢)]. re 
Differentiating (15) by y, we obtain an equation for finding the extrema, namely 


sin ( — 29) ay? 
sin (p29) GS) 


Since lw | << 1, the approximate solution of this equation has the simple form 


== —.A-d, (17) 


The quantity on the right side of (17) has simple physical meaning: it is equal to the phase difference 6 between 
the rays which would occur in the sample in the absence of circular birefringence, namely 


UI (18) 


Noting that 6 is quite small, we finally find that the angle of rotation of a Nicol prism analyzer placed behind 
the quarter wave plate gives maximum darkening when it is equal to 


and 
: Re (19) 


as in ordinary use of a Senarmon compensator [11]. Thus after introducing a quarter wave plate, Dauphine 
twinning exhibits dark regions, and the angle 2y between them is numerically equal to the phase difference due 
to the double refraction A in a crystal without rotation of the plane of polarization, Expressing this angle in 
degrees, we obtain 


180° 360° 
20 =—_— = x 


360° 3 
A ad = Pad ANAK 4T,jz (20) 


which, for \ = 589 my and a twinning thickness d = 1 mm, is approximately 2° for each 100 kg/cm* of the 
tangential stress T yz 

Of the various methods of realizing this method, one should mention rotation of a Z-cut about the X axis 
(A is due toa Tyz stress) or about the Y axis (A is due toa Tz, stress), as well as rotation of a sample cut in 


the form of a prism about the Z axis (A is due to a tangential stress T = ¥ T4, + li acting on the plane of 


the base). 


Observation Perpendicular to the Z Axis 


In this case the stressed crystal has a high anisotropy (the initial birefrigence ng —Np = 0.0092, or 92 u/cm), 
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which makes the detection of additional effects due to mechanical stress extremely difficult, It is sufficient to 
note that according to (3) and (6) a stress Tyz, of magnitude 100 kg/cm* changes the birefrigence of quartz only 
by 3.5° 107°, which is about 0.04%. One can, however, make use of the rotation of the indicatrix due to a load 
applied perpendicular to the Z axis, 


As was shown by Pockels [5] it follows from Equation (3) that if the direction of a pressure p makes an 
angle y with the X axis, the indicatrix rotates about an axis whose angle with the X axis is 2y, this rotation 
being by an amount 


Oa se 


Ls (21) 


It is most convenient to observe the effect for g = 90° (pressure along the Y axis, or p=Oy). In this case the 
indicatrix rotates about the X axis, along which the crystal must be illuminated. Inserting the numerical values 
of the constants into Equation (21), we obtain the expression 


20 = 0.63-107s,, (22) 


for the angle between the minima of the twinning, which corresponds to an angle of 4.3" for oy = 100 kg/cm?, 


The effect is found to be much less noticeable than when observing along the Z axis. It should be noted, 
however, that at a pressure of 500 kg/cm?* Pockels actually observed and measured the angle of rotation of the 
indicatrix in a quartz single crystal, and this angle was found to be 11’, as follows from (21). One may hope 
that the detection of Dauphine twinning by observation along the X axis may be possible also for much lower 
stresses by fine adjustment of the optics. 


Other Methods for Optical Detection of Twinning 


The analysis of the effect when observing at an angle to the Z axis now presents no great difficulty. 
The double refraction one is looking for will obviously be masked both by the linear and circular birefrigence. 
When the former of these dominates, it is more convenient to detect rotation of the indicatrix, and when the 
second dominates it is more convenient to use a quarter wave plate. In principle these cases present nothing 
new, although in practice it may be found convenient to use just such a method of observation (at an angle 
with respect to the Z axis). 


In conclusion we find it interesting to note there exists yet another possibility of detecting Dauphine 
twinning, this based on the use of an effect entirely similar to the one discussed. We speak now of the electro- 
optical effect, which involves the distortion of the indicatrix under the action of an electric (rather than 
mechanical) field. 


According to the data of various authors as presented by Kedi [12], the total birefringence which occurs in 
quartz A= n, —ny under the action of an electric field E, = 1 v/cm is about 2.2° 10°!°, Thus a field ES 16 
kv/cm gives about the same effect as a stress Tyz = 100 kg/cm’, 


Both in the case of a mechanical stress and an electric field we have not accounted for possible deviations 
of the field from homogeneity, which must inevitably occur at the boundaries of twinning due to the difference 
of the elastic and piezoelectric coefficients, This effect, it would seem, may simplify the observation of the 
twinning boundary. 
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SYMMETRY AND PIEZOELECTRIC PROPERTIES OF CRYSTALS 
AND "TEXTURES" 


I. S. Zheludev 


This paper shows that piezoelectric polarization in crystals 
and in textures is associated with special polar directions, either 
those already present or those arising due to mechanical action. 
The Curie symmetry principle has been used to classify crystals 
and textures as possibly piezoelectric; also the change in sym- 
metry due to mechanical action has been studied directly. The 
paper also shows that under certain conditions piezoelectric 
polarization can be brought about in crystals belonging to the 
3/4 group and in textures of the o/c group. On this basis it is 
assumed that the absence of a symmetry center in crystals and 
in textures may serve as a necessary and sufficient indication 
for classifying them as possibly piezoelectric. 


iPeelntrodiket Lom 


‘The Voigt [1] equations have been used up until now for aescribing the piezoelectric effect. These 
equations in tensor form determine the relation between the polar vectors of electric polarization, induction, or 
electric field on one hand and the mechanical stress or deformation tensor (symmetrical polar tensor of the 
second rank) on the other, The symmetry condition on the stress (or deformation) tensor results in the fact that 
a piezoelectric tensor of the third rank in the general case does not have 27 but 18 independent coefficients, 
Tensor equations, linking for example the polarization vector P and the symmetrical mechanical stress tensor 
(tik = t,j), may be written in the form of a table 


ty, tea tg3 tog tg tre 


Py} dy, dyq dig dyq dis dye 
P| do, dee dog dog dos dog 
P3| ds, d3o dss dsa d35 dag 


where dj, are the piezoelectric coefficients. 


Crystal symmetry, as is well known, imposes definite limitations on the form of the piezoelectric coef- 
ficient tensor; depending on this symmetry a part of the coefficients (or even all other than zero) are found to 
be equal one to the other, and part (or even all) equal to zero. In accordance with this all crystals are either 
those in which a piezoelectric effect is possible (possibly piezoelectric) or those in which it is impossible. The 
crystals which are possibly piezoelectric are those whose piezoelectric tensor has at least one piezoelectric 
coefficient which is not zero; the crystals in which a piezoelectric effect is impossible are those all of whose 


* Textures (tekstury) —"homogeneous bodies with non-lattice structures, composed of many particles of any 


physical nature definitely oriented in space according to the laws of symmetry.” Shubnikov [5] — Publisher's 
note. 
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piezoelectric coefficients are equal to zero; i.e., such crystals for which the piezoelectric tensor is a zero~- 
tensor. It can be shown analytically [1] that on this basis the crystals which belong to the following 20 point 
groups (according to A. V. Shubnikov) may be considered as possibly piezoelectric: 


1} 25 GO) OPO. IN oe: 
Bt mi 822-4:m: 


’ 


m; 3-m; 4-m; 6-m,; 4,9:2. 
4 Gees 


3. 
2; m-3:m: 3/4; 3/2. 


te) O48 

In order to classify crystals as possibly piezoelectric another method than the one indicated has been 
occasionally used [2-4], taking into consideration that crystals having no center of symmetry may be considered 
as possibly piezoelectric. This method, however, is less rigorous, for when it is used one must always make the 
reservation that even though the crystals belonging to the 3/4 group do not have a center of symmetry they can 
not be classified as possibly piezoelectric because the piezoelectric tensor for crystals in this group is a zero- 
tensor, 


Crystals are not the only structures to show piezoelectric properties. Shubnikov [5] presents a general study 
of ‘textures’ and in particular of piezoelectric textures. The study of textures which belong by symmetry to limit- 
ing point groups is especially detailed: 


00; CO-M; 00:2; CO:m; M-cO:mM; Co/00; CO/cO-mM. 


Shubnikov showed that for points groups a0, co-m, 0:2 the piezoelectric tensor is not zero- valued and that 
textures of such a symmetry may be classified as possibly piezoelectric (they are called piezoelectric textures). 
As for the textures which belong to the point group oo/co they too, in spite of an absence of a center of sym- 
metry, have a zero-valued piezoelectric tensor. 


To date the piezoelectric textures of Rochelle salt, wood, ceramic barium titanate and others [6] have 
been thoroughly studied, 


2. Application of the Curie Symmetry Principle in Classifying Crystals and Tex- 


tures as Possibly Piezoelectric 


A more objective geometric study of the piezoeffect in crystals and textures can be carried out by means 
of the Curie symmetry principle. 


Studying, for example, the simple piezoeffect we can easily see that the crystal (or the texture) generally 
changes its symmetry due to some mechanical action, In clarifying questions relating to the piezoeffect the 
changes of symmetry which are important are not random ones but rather those which are associated with 
specific polar directions in the crystals and the textures. (By specific polar directions in crystals we understand 
those directions which remain unchanged under any symmetrical transformations corresponding to the point 
group of the crystal studied) The importance of these special polar directions for the piezoelectric effect is 
due to the fact that only with special polar directions is electric polarization (described by a polar vector) 
compatible with symmetry. In other words, as long as the very appearance of electric polarization in a 
certain direction makes this direction a special polar one, in the crystal (or the texture) a piezoelectric polar- 
ization will be possible only when a special polar direction arises due to some mechanical action (but not 
necessarily before), Let us note that a crystal which has beensubjected to a inechanical action may have more 
than one geometrically special polar direction (for example in the case of a decrease in symmetry to the m and 
1 point groups), However in these cases, as in the case of a single direction, it is possible to combine an 
electrically special polar direction (which is the direction coinciding with the direction of the electric polari- 
zation vector) with at least one geometrically special polar direction. 


Therefore the question whether a certain crystal (or texture) may or may not be classified in the piezo- 
electric group within the framework of the Voigt theory may be reduced to the question of whether or not it 
can show special polar directions following mechanical action which is defined by means of a symmetrical 
tensor of the second rank. This question may be answered both by the study of the symmetry change for a given 
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crystal using a generalized Hooke's law or in a more simple manner by using the Curie symmetry principle, 

It can be easily seen that the problem indicated is in a certain sense the opposite of the problem we considered 
with Shuvalov [7] on the determination of changes in symmetry of crystals when electric polarization arises in 
them, Actually in this latter case a change in symmetry is looked for because electric polarization has appeared 
in the crystal, whereas in the problem we are now considering we are looking for a change in symmetry due to 
mechanical action which would bring about electric polarization (this, however, is not always possible). 


According to the Curie symmetry principle (particularly well demonstrated with concrete examples by 
Shubnikov [8]) the symmetry of a crystal subjected to external action is determined as the highest general point 
subgroup of the external action and the point group of the crystal itself for a given distribution of the elements 
of both action and crystal symmetry (the principle of superposition), As we shall eventually need to know 
the symmetry arising from external action as well as the mutual distribution of the elements of both the action 
and crystal symmetry let us consider these questions. 


The external action symmetry may be defined as the symmetry of the tensor which describes it. Thus in 
the case which interests us, in order to determine the symmetry of mechanical stresses (or deformations) it is 
necessary to know thesymmetry of a symmetrical polar tensor of second rank, This question has been examined 
in detail by Shubnikov [9], who has shown that a symmetrical polar tensor of the second rank may have its own 
symmetry, belonging to one of three point groups m+2:m, m+oo:m, and o/oo*m depending on whether the 
diagonalyzed tensor has 3,2 or 1 independent coefficients, respectively. This makes possible the establishment 
of a well defined action symmetry determined, for example, by the stress components tjj and tj, = t,y asin the 
Voigt equations. Thus an external action defined by the tensors (tensile or compressive stress) in the form 


#1, 0°0 00 0 000° 
10 00 Obes Ul. ae 000 (1) 
0. G.0ls n:10.0 0 0 0 tag ||, 


having two distinct diagonal coefficients, has a m*oo:m symmetry. 


The symmetry of an action determined by pure displacement stresses (tj, = t},j) whose tensor is written 
down as follows: 


0 ty20 0 0 tig 000 
0 0 0 ’ t130 6) 0 to30 ’ 
may be found as above after tensors of this type have been reduced to diagonal form. This may be done by 
rotating the tensor 45° about the axis around which the displacement takes place. As a result of such a re- 
duction the tensors (2) will have the form 
ty O O i 0 0 Oven 
0 —ty, 0 L001 0 0 tee 0 (3) 
0 0 0 ? 0 0O—t,, a 0 0 —too , 


from which it follows that they, having three distinct diagonal coefficients, belong to the m+2:m group, 


Reciprocal distribution of the elements of both crystal and external action symmetry are defined by their 
orientation in relation to the crystallophysical coordinate system, It is easy to see that if one assumes (as it is 
usually done) that the tensors (1) and (2) are written down in the crystallophysical coordinate system, then the 
axis oo of the external action which interests us, determined by the tensors (1), coincides with one of the crystal- 
lophysical axes. The external action determined by tensors (2) is oriented in such a way that one of the axes 2 
coincides with the axis around which the displacement takes place, whereas the two others lie in a plane per- 
pendicular to this axis, making an angle of 45° with the two crystallophysical axes (Fig. 1). 
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Let us consider the direct application of the Curle 
Z 2 symmetry principle for the finding of piezoelectric point 
groups in crystals and textures, First of all let us con- 
sider crystals and textures belonging to groups having a 


y 
center of symmetry. In the case of crystals these groups 
are 
A b x fe 
c 2. 2:m; m-2:m; 4:m; m-4:m,; 
6; 6-m; 6:m; m-6:m, 6/2, 6/4, 
Fig. 1. Orientation of the elements of symmetry 
in a symmetrical polar stress tensor of a pure 
displacement referred to the crystallophysical and for textures these groups are 
_ coordinate system, 
&) tog = tye F 0; b) thy = ty =F 0; C) tye = tey FH 0. co:mM; M-co:m; oo/oo+m. 


As long as the mechanical force, determined by the symmetrical polar tensor of second order (and likewise 
any polar tensor of the second order) possesses a center of symmetry, according to the Curie symmetry principle, 
the upper point group of these crystals (and textures) and the external action will always have, among the 
elements of symmetry, a center of symmetry. The presence of a center of symmetry in a crystal (or texture) 
subjected to a mechanical action is incompatible with special polar directions; therefore crystals and textures 
belonging to the centric point groups can not be classified as possibly piezoelectric. The conclusion arrived at 
agrees completely with the results obtained by Voigt for centric crystals. 


Let us look at crystals and textures having special polar directions, These are the so called pyroelectric 
crystals and pyroelectric textures which belong to the following point groups: 


i; 2; 3; 4; 6; m; 2-m; 3em; 4.m; 
6:m; 00; co-m, 
The application of the Curie symmetry principle to crystals and textures in these point groups shows that 


the general point subgroup of the external mechanical action, defined by a symmetrical tensor of the second 
tank, and of the crystal (and texture) will never contain a center of symmetry in this case. Furthermore, a 


Fig. 2, Piezoelectric polarization in pyroelectric crystals of the 4*m point group arising 
from a change in the spontaneous polarization vector. 

a) Original state of the crystal; b) tgs + 0, piezoelectric polarization along the X axis; 
Cc) ty = 0, piezoelectric polarization along the X3 axis; d) ty, = tay =# 0, no piezoelectric 
polarization ; Py) spontaneous polarization, P' and P” changed vectors of spontaneous 


polarization. 
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centric force in this case can not eliminate special polar directions from such crystals and textures, Actually, 
using the Curie symmetry principle we find, for example, for crystals of the 4+m group, that with external 
action, defined by one of the tensors (1), the general highest point subgroup will be either 4+m (tg, = 0) or 
2° m (ty OF ty, 0). When the external action is defined by one of the tensors (2) the highest general sub- 
group will be either 2+m (ty = te, FF 0) or M(tyg = typ HF O OF tyg = tay =# 0). We will obtain the same result 
if we study the concrete changes in crystal symmetry due to mechanical action by means of the generalized 
Hooke's law. 


Crystals and textures which belong to the pyroelectric groups with special polar directions are usually 
associated with spontaneous electric polarization. Thus the piezoelectric effect in pyroelectric crystals and 
pyroelectric textures may be treated as an effect due to a change in size and direction of the spontaneous 
polarization vector. This effect can be graphically observed in a crystal belonging to the 4-m group (Fig. 2) 
which we have studied. It is easy to see on the basis of the above statements why, for example, piezoelectric 
polarization can not be formed in this crystal with stresses ty, = ty, # 0. 'The fact that the crystal, deformed 
as above, having a special polar direction (terminal symmetry 2+ m) does not show in this case piezoelectric 
polarization (for in this case there is no change in either the absolute value or the direction of the vector of 
spontaneous polarization) does not mean that a crystal belonging to a 4*m point group cannot be classified as 
possibly piezoelectric because in order to classify it as a piezoelectric crystal it is sufficient that in at least 
one case piezoelectric polarization should take place due to the mechanical action defined by symmetrical 
polar tensors of the second degree. In our case this occurs when ty; # 0. 


An analogous study may be carried out for other pyroelectric crystals and textures, It shows that all pyro- 
electric classes and pyroelectric textures are possibly piezoelectric. 


. Rian 
(view from above) 
a b (2 


Fig. 3. Change in the symmetry of a crystal model belonging to the point group 


3/4, 
a) Original state; b) tg + 0, terminal symmetry 4° m; Cc) t3 = ty, = 0, terminal 
symmetry 2. 


There is no need to go into further detail concerning the question as to what kind of action will or will 
not bring about piezoelectric polarization and in what direction, Actually such a study would answer the 
question as to which of the coefficients of the piezoelectric tensor for crystals and for textures belonging to a 
given point group are different from zero, Such a study does not figure in the solution of our problem. 


It remains for us to study crystals and textures belonging to the point groups showing neither a center of 
Symmetry nor special polar directions. The point groups of the crystals are: 


4, 2:2: 3:m: 3:2: 4.m: 4:2; 


6725m°3 tm 3/4; 3/2; 3/4, 
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and the point groups of the textures are : 
oo :2; o/c, 


Using the Curie symmetry principle it can be shown that for all crystals and all textures belonging to the 
above indicated groups, with the exception of the 3/4 point group for crystals and the oo/oo group for textures, 
the highest point subgroup of the external mechanical action point groups (defined by a symmetrical polar tensor 
of the second order) and of the crystal itself (or the texture) may contain (with the above mentioned mutual 
arrangement of the symmetry elements), among the elements of symmetry, either special axes or a special 
plane (in the case where point group m is the subgroup symmetry) or a special volume (in the case where point 
group 1 is the subgroup symmetry). 


Let us consider, as a concrete example by means of the generalized Hooks's law, the simplest and most 
graphic case when special polar axes are formed within a crystal as a result of an external mechanical action, 
A change in the symmetry of a crystal belonging to the 3/4 group is shown in Fig. 3, It can be seen from the 
drawing that the external mechanical action defined by a type (1) tensor lowers the symmetry of the crystal to 
the point group 4*m. However, as in this case no special polar directions are formed, piezoelectric polarization 
within the crystal can not take place. However, special polar directions may arise in the crystal due to dis 
placement stresses [tensors of the (2) type]. The crystal symmetry in this case decreases to the symmetry of 
point group 2 and piezoelectric polarization will be associated with the special polar axis 2. 


Thus crystals and textures belonging to point groups showing neither centers of symmetry nor special 
polar directions are possibly piezoelectric with the exception of the point groups 3/4 and o/o. 


3. Piezoelectric Effect in Crystals of the 3/4 Point Group and Textures of the 
o/o Point Group 
The results that we have obtained so far agree perfectly with those of Voigt. However, we must note in 


particular that it is impossible to classify crystals as possibly piezoelectric when we consider only the above 
mentioned mutual arrangement of the elements of symmetry in the crystal and the action (Fig. 4). However,in 


(view from above} 
b Cc 


Fig. 4. Change in symmetry of a crystal model belonging to the 3/4 
point group. 

a) Original state; b) tgs = 0, terminal symmetry 4:2; C) tg3 = tgp + 0, 
terminal symmetry 2:2. 


the case of a general orientation of the action in relation to the crystals of this class it may happen that special 
polar directions will be present in the crystal after the application of the action (in accordance with the Curie 
symmetry principle) and in the most general case the crystal may decrease symmetry as far as the symmetry of 
group 1, Figure 5 shows the case.in which action lowers the crystal symmetry of point group 3/4 to the point 
group having a special polar direction (point group 2 with axis 2 coinciding withone of the previous 4 axes of 
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the crystal). Therefore if one proceeds from the more general positions, then the crystals which belong to the 
3/4 group must be classified as possibly piezoelectric, 
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Fig. 5. Case of crystal symmetry superposition, in the 
case of a crystal of the 3/4 point group and external 
action (defined by a symmetrical tensor) belonging to the 
m*oo:m point group, which brings about the formation 
of a special polar direction in the crystal. 

a) Symmetry elements of the crystal; b) symmetry 
elements of the action; c) terminal crystal symmetry. 


This is not the case for piezoelectric textures of the o/co point group. It seems that these textures under 
action, defined by a symmetrical tensor, can not change their symmetry in such a way that the texture would 
have a special polar direction, It is easy to see that in the most general case, the superpositions of point 
groups o/c and m+2:m can not produce a lower general point subgroup than the 2:2 group. However,even 
in a texture with a co/oo symmetry it is possible to cause piezoelectric polarization by applying two consecu- 
tive actions, defined by symmetrical tensors. Thus, for example, the superposition of symmetry elements of 
group oo/o (a sphere with twisted diameters) and symmetry elements of action, compressive or tensile in any 
direction (having the symmetry of an ellipsoid of rotation) will result in a symmetry of the texture _ following 
action of co :2. Such a texture was well known to show piezoelectric properties with external action, defined 
by tensors of the (2) type, because its symmetry in this case decreased to point symmetry 2. A study, such as 
that described above, using two actions, may likewise be carried out with crystals of the 3/4 point group. 


The similarity of the results for piezoelectric polarization for the 3/4 point groups of crystals and the a/c 
point groups of textures indicates a certain general specification of the piezoeffect in these crystals and textures 
which distinguishes it from the usually studied piezoeffect. The piezoelectric polarization in this case may be 
considered to be a result of a previous change in symmetry due to a mechanical action, defined by a symmetri- 
cal tensor, followed by a subsequent action on the crystal with a changed symmetry. 


Thus this effect is a kind of “quadratic piezoeffect,"” This in turn indicates that the effect is very small 
and that the piezoelectric coefficients depend on the degree of the prior "compression." The fact that in the 
crystals of the 3/4 point group piezoelectric polarization may be produced also by an action defined by a 
symmetrical tensor (see Fig. 5) is not in contradiction with the conclusion drawn, because such an action in 
the crystallophysical system of coordinates, is described by the tensor 
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0 tos tos 
0 tes tas ll , 


which can be considered as characteristic of an unequal compression, a tension along the 2 and 3 axes with a 
simultaneous displacement. 


It is interesting to note that the subsequent action, analytically studied above, defined by two symmetrical 
tensors, may be described as the product of tensors 


0 0 0 OG) 0 0. 0°90 
0.0 50 0 0 ts|] = |]0 0 off, (5) 
0 0 t33 | 0 too O 0- tog 0) 


which, as can be seen, is described by an already nonsymmetrical tensor. 


In this connection one should mention the Laval [10] and Raman [11] papers defining the stressed state of 
a solid body in the general case by a nonsymmetrical tensor (tj), =f ty, )e For this case LeCorre obtained, analy- 
tically, matrices of piezoelectric and elastic coefficients for all classes of crystals [12]. These matrices, natu- 
rally, may differ from the Voigt matrices in that part which belongs to the displacement stress components 
(ti, ty). For crystals in the 3/4 point group, in particular, the piezoelectric tensor in this case appears as 


t11 loo tg tos tar tio tse tig tor 
P,|0 0 0 dyO O—dy 0 O 
P,}0 0 0 0 dyO0 0 —dy,0 
P3|0 0 0 0 O dyO 0 —dy 


It is easy to see that with the condition tik =f t,; the piezoelectric tensor for textures of co/oo symmetry will 
have the same form. 


From our point of view, the piezoelectric polarization due only to this nonsymmetricity of the tensor, may 
be explained if it may be considered as a polarization arising from action on the crystal (or texture) having a lower 
symmetry than the original one. Such a change may be brought about notonly by prior "compression" of the crystal 
(or texture) but also (as we have seen in the case of crystals of the 3/4 point group) by applying an action, defined 
by a symmetrical tensor, whose elements of symmetry are disposed generally with reference to the elements of 
crystal symmetry. 


It is evident that the above described case of quadratic piezoelectric effect in crystals with 3/4 symmetry 
and textures with oo/oo symmetry will take place in any acentric crystals and textures under analogous conditions 
(prior "compression" or general disposition of the elements of the action symmetry). In particular such a study 
leads to the possibility of piezoelectric polarization formation in quartz in the direction of the optical axis, etc. 

It is easy to see that prior "compression" of acentric crystal will not lead to a subsequent formation of piezoelectric 
polarization by the usual means. 


The study that we carried out on the piezoelectric polarization of crystals of the 3/4 point group and textures 
of the ©/co point group leads to a wider knowledge of the piezoeffect, It seems more expedient to classify (as 
possibly piezoelectric) crystals and textures in which a piezoelectric polarization is possible due to a mechanical 
action, which is defined by a polar tensor of the second order (without regard to its symmetry, as long as in the 
cases that interest us the complete action of the prior "compressed" crystals or textures may be described by a non- 
symmetrical polar tensor), 


From these data it is possible to classify as possibly piezoelectric not only the crystals already studied but 
also crystals belonging to the 3/4 point group and textures belonging to the co/oo point group. The general 
number of piezoelectric groups will then be equal to 21 (instead of 20) for crystals and 4 (instead of 3) for textures. 
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On the basis of these somewhat enlarged concepts of the piezoeffect, all crystals and textures which lack a 
center of symmetry may be classified as possibly piezoelectric, In other words, under these conditions a lack 
of a center of symmetry in crystals and textures is a necessary and sufficient sign for classifying them as possibly 


piezoelectric, 


Let us note, finally, that generally speaking any centric crystal may be brought to an acentric state by 
means of an external action (electric field, complicated deformation, etc), It is evident that in such a state 
this crystal may become polarized, being subjected to mechanical action, defined by a centric polar tensor 
of the second order and may thus become possibly piezoelectric. A more concrete study of such cases does not 
fall within the limits of our problem. 


The author is deeply grateful to Academician A. V. Shubnikov for continued guidance and valuable sug- 


gestions during the course of this work. 
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ON THE SUPERPOSITION OF SYMMETRY GROUPS 
IN CRYSTAL PHYSICS 


V. A. Koptsik 


We consider the linear equations relating homogeneous 
tensor fields in homogeneous anisotropic media. It is shown 
that the symmetry of a tensor and the number of its independent 
components are invariant properties of the tensor, and do not 
depend on the specific form of its matrix in any admissible 
coordinate system. It is shown that the intersections of 
symmetry groups of tensors entering into coupling equations 
always give the same group, Relations are derived which 
make it possible to determine or evaluate the symmetry of 
interacting crystallophysical objects. 


On the basis of Curie's [1] superposition principle for symmetry groups, which has been considered in 
detail by Shubnikov [2], the symmetry group of a crystal subjected to any external action is found to be, within 
certain limits, the largest common subgroup of the symmetry groups of the crystal and of the external action 
applied to it for the given mutual orientation of the symmetry elements of these groups. 


A. V. Shubnikov has suggested finding this subgroup from the symmetry of the composite figure obtained 
by superposing the geometric figures representing the symmetry groups of the crystals and of the external action. 
In the same way one solves arbitrary problems related to finding the symmetry of two interacting objects. 


Restricting ourselves to the field of phenomenological tensor crystal physics, it can be shown that the 
"superposition principle” corresponds to a special ("superpositional”) property of the relation between homo- 
geneous tensor fields in unbounded homogeneous crystal media; this property, as is well known, is expressed by 
the set of tensor equations 


Ang.p = Aj...kpa PAG. k > (1) 


where the Bjj,,, are the components of the external action tensor, the Apq...1 are the components of the 
tensor of the resulting phenomenon, and the dij. .r are the components of the tensor which describes the given 
physical properties of the crystal, such as its thermal expansion apq, piezoelectric deformation ding? or elastic 


coefficients Sijpq: etc. 


We note that some of the indices of the crystal tensor components ajj, , |; are the same as those of the 
action tensor Bij, ,,,, and the others are the same as those of the Ang... 1? 8° that these indices can be changed 
only in the same way. The operation of equating the indices i, j,...,k of the a... and B... tensors, called 
“contraction,” maintains the tensor dimension of both sides of Equation (1). Clearly, "carrying over" the indices 
of the A... and B... tensors to the a... tensor corresponds to carrying over the symmetry of A and B to a (see 
Fig. 1). 


Restricting our considerations to the symmetries of real tensors only, we note that we mean by the symmetry 
of a tensor the highest order group of real orthogonal transformations which maintain the matrix of the tensor 
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Fig. 1. Illustration of the superposition principle for 
symmetry groups in crystals physics for the case in 
which Equations (11) and (12) are fulfilled. 

Gp and Gy are the symmetry groups of the external 
action tensor and the resulting phenomenon tensor, 
related by Equation (1). Gg and Gg = (Ga, G,) =(G, , 
Gp) are the symmetry groups of the physical property 
of the crystal before and after application of the 
external action, Gy, and Gk = (Ga, Gx) = (GR, Gp) 
are the symmetry groups of the crystal before and 
after application of the external action, The fol- 
lowing relations correspond to the cases defined and 
enumerated in the present article: 


, t ’ 
1. G4 9G_9 Gy; 2. Gg9GQ9 
‘ , / , ¥: , , 
9Gy 3; Gq 3 GEI Gr: 3. Gpd Gq Gy; 4. Gy EGR E Ga, 
/ , 
Gy = (GAs Ge)= (Ger GR) >. Gau(Gar Gq)=(Gq » GR), 


, , / 
Gy € Gq E Ga; 6. Gy € GzEGg. 


invariant [3], and therefore also the number of 
independent tensor components in any allowable 
coordinate system, Most convenient is the principal 
coordinate system, in which this number is given 
immediately by the "matrix" of the tensor, 


Let us prove the equivalence of both definitions 
for the case of real symmetric tensors of second order. 
We shall show that the symmetry of the tensor and the 
number of its independent components are its invariant 
properties, independent of the specific form of the 
tensor matrix in any allowable coordinate system.* 


Consider any orthogonal] rectilinear coordinate 
system X,, Xg, X3 in which a symmetric real tensor is 
given by the matrix 


411 412 443 


912 Ae2 Ag 


413 423 Ag 


In this case, as is well known [4], there exists 
a real orthogonal matrix 


Cy1 C12 C13 


C= 


C21 Coo Cog 


| C31 C32 Cag 


which will bring the tensor to the diagonal form 


a,, 0 0 


0 0 a, 


The Matrix A’ is real when written in the principal axes Xj, Xz, Xj. The cj; are the direction cosines of these 
axes Cjj = cos (Xj, Xj). In matrix form, the operation of writing the matrix in terms of the principal coordinate 


system is 


CAAC ce Ay 


The tensor A’ possesses the symmetry m+ 2:m. This means that 


C2 AC. = 


, 
7 


where C, is any of the matrices of the representation of the group m+2:m, namely 


(cis) = (") ; (Cii)yy x’ = (" (Ci), yx? = (Sct al ’ 


* This proof is due to A. V. Shubnikov, 
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Cihanxg™ nee) A aan) Da ixt = Al 
(Cia) mn tx! = (-+,] » (Cij)mix, = (“_,) 


The matrices C, are written in the principal coordinate system, On going over to the coordinates X,, Xe, 
and X3, they become 


Cy =CCxC", 
from which CC, = CC and CFC = CCy"- 
Let us show that Colac aa 


We have Cy A'Cx = A‘, or 
GE ep AIC G7 <2 CAC 1A) 


Replacing CyC"! and ccx' by the expressions given above, we have 
Cy'CA'C Cy = A, 


a 
Cy'ACy — A, 
which was to be proved. For instance, for the tensor 
411 412 0 
A = |] 412 420 0 
0 0 93 
we have the matrix 
ec s 0 
C == SSC, 0 ; 
0-0, 4 


where c = cos (Xy, X4) and s = cos (Xj, X3). Calculating Cy, we obtain a representation of the group m-2:m 
in terms of the X,, Xg, X3 axes, namely 


1 c2— 52 -—-Is¢ 0 
(ci; = 4 ), C35 = —2sc s*§—c2 0 “ 
j tod ( ti)yy x’ 
0 0 1 


r s®—c2 Isc 0 


—1 —1 
; a 2. 2 s? 0 : = — -j--— — 
(cis), x? ( . j iy ). (Cisday x’ ( 1 1, ’ (cij)5 amt ( = 


s?—c2 Asc Ov 


(c;;) paces ( 2sc c2? — 52 0} (ci ;) = 
xX ’ 7] 
a ag 0 jue meee 


See BC { 
re —2sc s?—-¢? 7 (¢; ;) : ( 4 
»y \Cij 
( 0 0 4 Merah 
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It can be shown directly that these matrices leave A invariant. 


The above considerations show that it is most convenient to define the symmetry of a tensor by investigating 
the symmetry of its matrix in the principal coordinate system, They show also that the number of independent 
tensor components is a tensor invariant, and does not depend on its specific form in any allowable coordinate 
system. This follows immediately from the existence of an orthogonal matrix C which brings the tensor into 
diagonal form: 


CRAGIEYAT; 
since this equation provides the necessary number of relations between the components of A. If A' has three 
independent components, then so does A, since its nine components ajj are related by the six. equations 
aie = ajs = aby = bs = ay = abe = 0. 
This number is reduced to one or two if the tensor A‘ has one or two independent components, since there 


will then be one or two additional equations relating the components,* 


We now go on to derive certain relations expressing the "superposition principle" between the symmetry 
groups from relation (1) which couples homogeneous tensor fields in homogeneous anisotropic media. 


Let us denote the symmetry groups of the tensors A and B by Ga and Gp, those of the tensor a before and 
after the external action by G, and G*,, and those of the crystal before and after the external] action by G, and 
Gj, respectively. We shall also use the symbol (G;, Gg) to denote the largest common subgroup, or intersection, 
of the groups G, and Gy for a given mutual orientation of the symmetry elements of these groups. With this 
notation, the "superposition principle” following from Equation (1) can be written, assuming that the inverse 
effects exist, in the form of the two identities 


Ge } (Ga, Ga) = (Ga, Gp), (2) 
Gi (Ga, Gx) = (Gx, Gp). (3) 


Here the second relation follows from the first in view of the fact that by definition of the tensor a, its symmetry 
is no lower than that of the crystal, which means that 


Gr € Ga, Gy € Ge 


(4) 
where the symbol € indicates that a subgroup is contained in a group. 
Actually, from the equation A,.. = a... B... it follows that 
Ga} (Ga, Gp) 9 (Gr, Gp). (2') 
In addition, from the inverse equation B...= b... A... it follows that 
Gp) (Gp Ga) = (Ga, Ga). (2") 


Let us find the intersection of G, with the groups entering into the above expressions, namely 


(Ga, Ga) 3 (Ga, (Ga, Gp)) = (Ga, Gp), 
(Ga, Gp) 3 (Ga (Ga, Ga)) = (Ga, Ga). 


* In general, the invariance of the number of independent tensor components follows from Hilbert's theorem on 
the existence of a finite number of fundamental invariants for a tensor [5]. 
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These relations are consistent, therefore, if (Ga, G,) = (Gy, Gp), which is what was to be proved, 


The restrictions used in the proof are permissible. Since, as is known from thermodynamics, the dif- 
ferential of any thermodynamic potential is a total differential, the inverse effect exists if the direct effect 
exists, In those cases in which it is difficult to find the mattix of the tensor b..., in terms of the tensor a..., 
it can in principle be established experimentally. It is found that the tensors a... and b... have the same order, 
number of independent components, and symmetry Ga... = Gb... .* 


From Equations (2-4) follow other conclusions, which we shall consider in the present work (Fig. 1). 


With their aid one may solve various types of problems involving the exact or approximate determination of 
Ga, Gy, Gp, Gy Gis Gy. 


We present several specific examples of determining given groups for thermal, piezoelectric, and elastic 
phenomena in quartz crystal (G,, = 3:2). 


1, Determination of Ga. Let us write the equations for thermal expansion, the piezoelectric effect, and 


the generalized Hooke's law for quartz crystals in the matrix form with the crystallophysical designation of 
the axes 


Sy, 0 0 rey MU MB 
0 Sy O fl=]] 0 a, 0 2, 
TO AP 0 ~ 0 a5, (5) 
S41 dy, UV ) 
aS 94 ~~ dyyy 0 0 
0 0 0 0 
Seal ses eae i eer E; 
So3 dy03 0 0 E, 
Sy 0 —~dy3 0 Es (6) 
Sig 0 —-dyo3 0 
Syo 0 —2dy;, 0 
So 0) © = 2di72 0 
Si 
Soe 
S33 
S'o3 
Sog || = 
Sig 
S43 
Syo 
Syo 
$4411 Sitoo S113 San28 Stizg,sCO 0 0 0 Ti 
Sii22 $4111 $1133 —Si123 —Si123«O 0 0 0 T 22 
Siia3, Ss Suasa Saaa3 S(O) 0 0 60 0 0 T'33 
$1123 ~~ Sites O Sogo3 Ses03, S(O. 0 0 0 T 23 
=|] Si1039 — $1123 0 S903 Seg23S OO 0 0 0 T 23 
0 0 0 0 O —-Sogea Sagea 251193 251193 T13 
0 0 2’ 0 0  Sog08 Seae3 = 284408 251123 T 13 (7) 
0 one 0 0) 0 — 2sy108 253329 2(S1111-— Sts22) 2(81121 — $1122) T 12 
0 Uw) 0 0 284123 283123 2(81112—Sta22) 2(S1111 — $1122) T 12 
* By definition aa =e, Let Ga = aG, in which case Gaa '= aGa 1=G andGa ‘=a ‘4G, 
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The quantities entering into Equations (5-7) are the components of the mechanical deformation tensor 
Sjj» the mechanical stress Tj;, the electric field Ej, and the temperature t. The symmetry of these tensors, 
as well as of the tensors a&ngs dipg » Sijpq» is given by examining their corresponding matrices for invariance 
with respect to one or another transformation group, or by direct comparison with tables of invariant forms 
of tensors for the given designation of the axes [6]. Since such tables exist for most tensors used in physics, 
the matrix form of writing the crystallophysical equations is often more useful than the tensor form. 


For the matrices on the right sides of Equations (5-7), we have 


G,=m-co:m, G,=ocof/oco-m, 


(5°) 
Ga = 3:2, Gpr=owo-m, (6') 
Gs = 6-m, Gr=m-2:m. (7') 


Performing the matrix multiplication, we find the form of the matrices on the left sides of Equations 
(5-7), which give the symmetry 


Gs=m-co:m, (5"). 
Gs = m-2:m, (6") 
Gg =m-2:m, (7) 


At the same time, the determination of Ga from Equations (2') gives 


Gp = (Ge, Gi) = mc .m, Gg (Gy, Gi) = 322, (5™) 
Gs 9 (Ga, Gr) = 1, Gs 9(Gx, Gy) = J, (6™) 
Gs 3) (Gg, Gr) = m, Gs 3) (Gx, Gr) = 2, CE=) 


In the same way one may treat special cases of fields B applied to the crystal. 


For instance, in the case of the field Ej applied along the X, or Xg axis, the deformation tensor according 
to Equations (6) becomes 


Sy OO O O Sie Sys 
O —S; Ses |}, or Sic O O 
0) Sos 0 Sj3 0 O 


The fact that we have written || Spaqll in the form of a three-by-three matrix rather than a column 
matrix is insignificant, and is used only for convenience in comparing with the tables of invariant tensor forms. 
In both cases we have Gg = m*2:m, and as is easily shown 


Ga (Cit Gr \ ee On Gap (CRG eee 
Do 8G) (Coy Cr er 


GaGa. Cn 


These examples show that the symmetry of the interaction depends not only on the symmetry of the 
electric field Ej but also on the way it is applied to the crystal. 


Let us also consider the following cases: a) a set of principal stresses Ty, Top # T33 #0, Tyj = 0 for ix 
+#j is applied to a crystal, b) the crystal is subjected to hydrostatic pressure Ty = Ty, =T 33% 0, Tjj = 0 for 
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i#j, c)a single stress T3, is applied along the X3 axis. For these three cases the deformation tensor as given 
by Equation (7) is* 


AYE Or Sin le 20 Sa ae Oe) 
0 Soo Sog ) 0 Sy 0 ’ 0 Sy 0 
Oe O23 Sas ‘Show hs Preps tp eis ce 


We have a) Gg = m+2:m; Gr =m*2:m; b) Gg =m*o:m; Gy = co/co+m; c) Gg = m*o:m; Gy = meoo:m; 
and Gs 4 (Gy, GB); Gg J (Gp Gp)in all cases. 

We-thus see that the symmetry group Gy in all cases is given uniquely by the form of the matrix of the 
contracted product of a and B, At the same time, it follows from Equation (2') in all cases that G, 9 (Ga, Gp) 
9 (Gr, Gp). 


2. The determination of G, can be performed in the same way from the equation 
aS Svat ee Use’, (8) 


when the inverse tensor exists and the matrix multiplication A...B.1. is possible. If B.!., does not exist, a... 
can be found from Equation (1) by the method described below for unidirectional external actions, If the sym- 
metry of the crystal is known, then the form of the matrix a... is determined uniquely for a given group G,, from 
the tensor transformation equations 


‘ 
Ang...r = CipCiq: + + CkrQij...k 5 
Pq f (9) 


= cos (Xj, X') for the condition Abd. _or > 4pq...re OF can be found from the relation G, 4)! G,. 


At the same time it is clear that Equations (2) with G, = x the unknown have no unique solutions of 
(Ga, x) = (x, Gp), but have either a finite or infinite number of solutions. However,G, 4} (Ga, Gp). 


where Ci 


Examples: In the case of the thermal properties of crystals, t 
a diagonal form for the Apq Matrix with the symmetry Gy = m-@:m. 


= 1/t and the equation Spqt gives 


For finding the matrix of the tensor dipq: let us use the method of unidirectionally applied external 
action, applying the field Ej to the quartz crystal along each of the Xj, Xg, X3 axes successively, It then follows 
uniquely from Equations (6) that 


dyyy via 0, dijo + 0, di33 =0, dyog > 0,-dig, = 0, i149 == 0, 
dary — 0, do99 = 0, do33 ine 0, dog = 0, dy3y aa 0, doyo ots 0, 
ds = Q, dg00 =z); A333 = 0, dog es 0, dat == 0, dy1,=0. 


From the form of the || d; q! matrix one obtains uniquely Gg = 3:2. 


E 
Both methods can be used to find the | Sijpq! matrix, and they lead to the same result, namely G, = 6-m. 


3. The determination of Gg is performed in the same way, from the equation 
Bie Ge Ae Ot Be AG, (10) 


* It follows from the first matrix, by the way, that the principal axes of the Sjj tensor do not coincide with the 
principal axes of the Tj; tensor. 
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If it is known that a.4. or b... exists, then its symmetry can be determined without calculating the matrix 
: : 7 
of the tensor, since by definition of the inverse operation it follows that Ga = Ga. 


At the same time, the determination of Gp from Equations (2") gives Gy 9(Ga,Ga)9 (Gr, Ga). 


Examples: It is easily seen that for the thermal and elastic properties of quartz crystals being discussed, the 
inverse tensors av!. and s.4. exist, so that the determination of t = ont ea and My = e Le AnEve 
performed uniquely, For the case of the piezoelectric properties of crystals, the equation E = d...S.. is best 
replaced by Ej =— DipqSpq (Gh = Gq), which leads to a unique definition of the matrix || Ei|| and symmetry 


Gr. 


4, The determination of G}, is performed on the basis of Equations(3), If the symmetry of the crystal is 
reduced by the action of the field as in the cases we have been considering, so that Ge € Gx, then in addition 
to the more general expressions (3) we have 


Gy = (Ga, Gx) = (Gr, Gy). (11) 


In fact, if we allow Gy or Gg in Equations (11) to run through all symmetry groups from 1 to co/oo +m, we find 
that (|, € G,. In particular, we find that the symmetry of the quartz crystal (3: 2) does not change under 
thermal expansion (if there does not take place a polymorphous transformation). Under the action of the 
electric field the symmetry of the crystal changes to 1, 2, and 1 and under the action of the mechanical 
stresses to 2, 2, 3:2 and 3:2 for the cases considered in this article. 


5. The determination of G’, is performed on the basis of Equations (2), In our examples 


Ga = (Ga, Ga) = (Ga, Gp). (12) 


As above, when Equation (12) is satisfied G4 € Ga, but G 3 Ge 


For the cases considered in this article, the symmetry G’, is m*oo:m,1, 2:m,2, 1, 2:m, 6°m and 6*m 
respectively, If the symmetry G}, is known, then G4, can be obtained by finding the matrix of the tensor 4:.., 
invariant with respect to Gj. 


6. Determination of G;,. Condition (4) gives G, € Gay - In our case for G), we may have all crystallo- 
graphic groups except the cubic (for the case of thermal expansion), all subgroups of the groups 3: 2 (for the 
case of the piezoelectric effect), and all subgroups of the group 6+ m (for the elastic case). If G, is not found 
first, a finite number of solutions for G);, can be obtained by choosing those of Equations (11) in which, if we set 
G,, = x the unknown, (Ga, x) = (x, Gg) is indefinite, This equation gives for G, all crystallographic groups 
except the cubic (for the case of thermal expansion and hydrostatic deformation), all groups without a symmetry 
center (for the case of the piezoelectric effect), and all crystallographic groups (for the case of general elastic 
forces). 


The group G, can be found uniquely by investigating the morphological symmetry of the crystal and the 
crystal properties (for instance, the piezoelectrical properties) for which G, = G,. 


In conclusion we note that the methods described for determining the symmetry of interacting crystal- 
lophysical objects indicates in principle the possibility of new effects in crystals subjected to certain definite 
external forces, The properties of such "stressed" crystals should be described by tensors whose symmetry is 
G‘,') G\, when the crystal symmetry becomes G}, €.Gx, if Equations (11) and (12), rather than the more general 
ones (2) and (3), are fulfilled, For the case of (11) and (12), the results of this work can be summarized by the 
following chain: 


(13) 
Ga 5 Gy 
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The advantage of the approach based on the superposition principle is that it makes possible a determination 
of the number of independent components of A... without solving Equation (1). This advantage is most useful on 
going over to more complex systems of equations (for instance, partial differential equations). 


The explicit solution of (1), giving an exact answer to the problem as stated, shows that the superposition 
principle in general gives only the upper limit to this number. 


The author expresses his gratitude to Academician A. V. Shubnikov for his interest in the work and for 
fruitful discussion of the results, 
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WOOD AS A PIEZOELECTRIC TEX TURE* 
V. A. Bazhenov 


We have studied the effect on the piezoelectric properties of 
wood (considered as a piezoelectric texture) of the cellulose orien- 
tation in the cell sheaths of the wood cells, taking their shape and 
layered structure into consideration. 


The piezoelectric properties of wood, discovered by Shubnikov [1], have been quantitatively studied in the 
USSR [2, 3] and inJapan [4]. 


Both the Russian and the Japanese studies showed that absolutely dry wood has two piezoelectric moduli dy, 
and dys; their absolute values differ somewhat, as a rule, with | dial > | dgs| in the case where the piezoelectric 
properties of the wood are described in a coordinate system defined by the main structural directions (Fig, 1). 


We [3] have shown that wood as a piezoelectric texture still belongs to the oo: 2 point group and that the 
inequality | dyal > |dgsl which often contradicts this symmetry, is a result of the appearance of nonhomogeneity 
in the morphological structure of the wood. 


Another special characteristic of the piezoelectric properties of different types of wood is the discrepancy 
between the values of their piezoelectric moduli and the cellulose content, the cellulose being the component 
responsible for the piezoelectric properties of wood. Thus, for example, it has been shown that mastic tree wood 
and lignum vitae have an insignificant piezoelectric effect, even though they contain an appreciable amount of 
cellulose and have ingeneral a typical woody morphological structure. Finally, the conclusion (based on a study 
of piezoelectric properties of various cellulose materials 
[5]) that for all cellulose materials the elementary units 
of the piezoelectric textures are the polar molecules of 
cellulose (or parts of them) whose orientation in piezo- 
electric textures oo :2 meets the requirements of A. V. 
Shubnikov's theorem IV ({1], p. 26), cannot be applied to 
wood without taking into account the well known fact 
that the cellulose molecules of the cellular sheaths are 
not oriented parallel to the longitudinal axes of the cells 
but parallel to the fibrils. 


It is shown below that these and other piezoelectric 
Fig. 1. Coordinate system, defined by the properties of wood can be explained if wood is considered 
principal structural directions in wood. to be a composite piezoelectric texture [1, 6]. 
x3 is the longitudinal direction, x, is the a 
; : ; p In the sheath structure of plant cells, stratification 
tangential direction, x, is the transverse 


: ‘ ; and striation are typical, In the cell walls of woody plants 
radial direction. ; 
three layers are usually identified (Fig. 2) assuming a finer 
stratification within the thicker layers, Each layer is 
characterized by its own typical parallel striation, which is due to a grouping of cellulose molecules into morpho- 
logical entities called fibrils or elementary filaments. Each layer of the cellular sheath represents a group of 
fibrils, wound spirally around the longitudinal axis of the cell and the separate layers of the cell sheath are 


* See footnote on p. 86 — Publisher. 
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Fig. 2. Diagram of cellular sheath 
structure, showing its stratification 
and striation, According to Bailey 
[10]. 


distinguished by the magnitude of the angle of inclination of the 
fibrils to the longitudinal axis of the cell. It should be mentioned 
here that the hollow cells, whose sheaths show a layered structure, 
and whose layers show a different orientation of the fibrils, may be, 
in cross section, not only circular but rectangular, square, pentagonal 
and hexagonal with a tendency to form regular shapes (see for 
example [7]). 


Studies [8, 9] show that the fibril orientation, seen in a micro- 
scope, coincides with the size of the open angle of the interference 
maximum on an x-ray pattern (Fig. 3). These data, as well as 
experimental facts [5] prove that both separate fibrils and groups of 
parallel fibrils may be studied as a fibrous piezoelectric texture of 
the first order [1, 6] showing o0:2 symmetry. The oo axis of this 
texture lies along a row of parallel groups of fibrils. 


As shown by the widely known studies of Bailey [10] the 
angle of inclination of the fibrils to the longitudinal axis of the cell 
changes from layer to layer with many modifications and without 
showing any strict correlation in its changes from layer to layer, but 
assumes some average value a for each layer. Any layer of parallel 


fibrils on a flat wall of any cell [for example a hexagonal one (Fig. 4)] may be studied as a piezoelectric texture 
co: 2, having in its principal coordinate system xe. Xs , X3 the following piezoelectric moduli: 


dd, = d= df, = — dae 


Our problem was to express the components of the piezoelectric tensor for a wood cell by means of piezoelectric 
moduli of the fibrillar textures oo :2 for its separate layers. The solution of this problem is important inasmuch 
as the cell is a particle of the wood which is a piezoelectric texture, 


TAS, 


ae Oy. — 


Fig. 3. Agreement of a microscopic picture of fibril orientation with 
the cellulose orientation as given by an x-ray pattern, According to 


Sisson [10]. 


. 


The general method of solving this problem provides first of all for the determination of the components 
of the piezdelectric tensor for one layer of the cellular sheath and then for the whole sheath, as a sum total of 
several geometrically similar sheaths. Each layer of the sheath, repeating the shape of the cell, can be generally 
subdivided into a row of flat walls (Fig. 4). The fibrils of each flat wall form a piezoelectric texture 00:2, The 


number of such textures, equal to the number of flat walls, depends on the shape of the cell; in a m-gonal cell 
there will be m such walls and in a cylindrical cell there will obviously be an infinite number of such walls. 
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Fig. 5. Relation between the coordinate 


Fig. 4. Relation between the principal co- 
ordinate system of a fibrillar texture Xj, Xq, 
XPand the coordinate system of an arbitrary 
flat cell wall Xy, Xg, X3. 


fixed coordinate system X}4, Xg, X of one of the cell walls, one must transform the piezoelectric moduli of all 
m fibril textures oo :2 to the same system of coordinates X}, X}, X3 and add like components of the piezoelectric 
tensors for all the walls. Naturally in this sum one must take into account the degree of development, or relative 
breadth, of each wall. By relative breadth we mean the ratio of the wall layer breadth aj (Fig. 4) to the perimeter 


at 
of the cell (a; + ag + ...+ a,)), i.€., : 


ay tagt+.eet an 


Transformation of the piezoelectric moduli dg, = dg = at, = -d2, of a fibrillar piezoelectric texture to 
the coordinate system X4, X9, X3 takes place in two stages, First of all the indicated moduli in the coordinate 
system xe Xe, xPare converted to the coordinate system X,, Xz, X3 (Fig. 4) obtained by the rotation of the first 
system around the X{Paxis at a fibril inclination angle a. This transformation is brought about by using well known 


conversion formulas for the components of a third order tensor 


ses. 3 
dpgs = > Da ED) CnpCage el nite: 
m=1 


n=10=1 


where Cij are the direction cosines. 


The d qs Components, which have been found, are then converted by means of the same formulas from the 


kl 


system of an arbitrary wall X4, Xz, X3 
and the coordinate system of any wall 
Xi, Xp, X3, taken as fixed. 


In order to find all components of the piezoelectric 


tensor for the whole layer, as a single texture di in the 


coordinate system Xy, Xg, Xg to the fixed coordinate system X}4, X}, X}3 (Fig. 5) obtained by a rotation of the 


first system by an angle ¢ around the xg axis. 


As a result of both transformations we obtain by simplification the following components of the piezo- 


electric tensor for any wall, expressed in the coordinate system X4, X}, X}: 


dja» =2 sinx cos « dy), (c? + cs?) 
fh . 
dis3 = — 2sina cosa d,f,c 
, 9 mete ® 9 S ® ; 
djo3 = (cos? « — sin? x) d,33 c? + cos? « diss s 
iS . 
dy3, = — sin? « d3; cs 
d, i . a® 9 2 3 
112 = SIN & COS & dy53 (c?s + 8°) 


do, = — 2sina cosad o (s3 + c?s) 
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(continued on 
next page) 


(1) 


U . 
doo3 = 2sina cos a d,?, s 


hans = sin? a d,?, Cs 


dog = —- COS? a diy c? — (cos? a — sin? x) d,8, s? 
doa = — sinacosa d, (cs? + c?) (1) 
dy, = 2sin?« d;2, cs (continued) 
dyx, = — 2sin®? « d,8, cs 
d3q3 = —sina cosad,®, 5 


U . 
doa, = sina cosad,®, c 
d’31. = sin? x diss (ss) 
In these formulas c = cos g, ands = sin gy. 


Given the values of angle y, by means of the Formulas (1), it is possible to determine the piezoelectric 
tensor components for any wall in the X}, X$, X3 coordinate system for any wall taken as fixed. 


The resulting Formulas (1) form the basis around which is built the method for determining the piezoelectric 
tensor, first of one layer and then of the entire cell taken as a sum total of several layers. 


The components of the piezoelectric tensor for one layer d ‘Sa are found as a sum of like components of the 
piezoelectric tensor for the separate walls of the parts which make up the layer dj), taking into account the 


aj 
relative breath of the walls om « Thus for example for an m-gonal cell we have 


C10, + cog +... + C8 
d$, =— 2sinacos «fd? —_________"™ , 
3 ay t+an+...+4,, 


Formulas for the remaining components of the desired piezoelectric tensor may be obtained in a similar 
way. Practically, thas it is more important to show a method of calculating the components of the piezo- 
electric tensor for layer q's , by means of an auxiliary table (Table 1) made up in this case for a cell with a 
rectangular cross section a i b, In the top line we have the values of the angles @ for all the walls of the cell, 
and in the second line we have the relative breadth of the walls. In the left column are given the trigonometric 
expressions for the angle g involved in Formulas (1). In the spaces where the columns and lines intersect we 
have the products of the relative breadth of the walls and the numerical values of the trigonometric expressions, 
and in the right hand column we have the sum for each line. 


Using Table 1 and Formulas (1) we obtain 


, 2a vos'ca—a-+bcos*a og . 
diy, = ati os ems te ding 5 
ie ~~ acosta—2bcosa+t+b a , 
Dg SOR ap ae (2) 
asin? a —bsin®a 
are rata eerermeeet | 


Formulas (2) show that the piezoelectric tensor for a rectangular cell has a 2:2 symmetry. When a = b, 
i.e., the cells are square, we obtain 


, 3 cos?a—I 
Ca ee ‘ 
di93 i oD) dt ’ (3) 
D 3 cos?a — 4 . 
dos) = — 5} dios | 
dsio=0. 
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° | 0 | ars 270 | x 
a b 
9a + 2b 2a -f 2b ee “+ Oh 2a, ; Dh: 
a 
‘ | da + 2b | : lee 2a + 2b a =| ° 
b 
‘ | ‘ | dat Ub | : | oat ree | ats | 0 
cs | 0 | 0 | nah ee 0 | a 
a att a 
e | Sq Db | u | Sab 3b pe . | a+b 
b b b 
= 0 = 0 : re 
| | 2a + 2b | | da + 2b | a+b 
c4s | i) | 1) | Q | 0 | “ 
cs? | 0 | 0 | 1) | 0 | 0 
a poe 
e | 2a + 2b | 0 | 2a 4+- 2b | a | 0 
b b 
ont 0 ( 
: | ; | 2a + 2b | | 5a + 2b | 


It is easy to see that Formulas (3) hold for any cell of a regular m-gonal shape, including a circular cyinder 
for which m = 0. We shall show this only for a cylindrical cell, for which case the relative breadth of an infi- 


d 
nitely small flat wall is equal to re and the angles g take on all the values from 0 to 27. Under these 


conditions the sums of the last column in Table 1 for each line become definite integrals, in particular 


iC 

: 1 

ag | CO odo=—., 
0 

1 20, 
i 1 

ce 2 = 

On \ sin edgo=—. 
0 


All the other definite integrals are equal to zero, Using this result and Formulas (1) we easily obtain Formulas 
(3). 
Thus the piezoelectric tensor for regular m-gonal and circular cylindrical cells has ow :2 symmetry. 


From Formulas (2) and (3) we arrive at the following deductions, 


) 
1. When a@ = 0 we obtain everywhere: d'§q = des and d'¥3; = —dig3, because in this case there is only one 
texture oo :2, made up of parallel fibrils, 


2. From Formulas (3) the angle a may be found, for which 3c?—1 = 0, a * 54° 40 minutes. Such a layer 
may be classified as nonpiezoelectric. 


3. When a >b the piezoelectric modulus dz has the sign of the piezoelectric modulus djg,, and when 
a< bit has the sign of the piezoelectric modulus dj, i.e., the opposite sign, 
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It now reynains for us to obtain formulas for the calculation of piezoelectric moduli of the whole cell as a 
particle composed of m layers, Each layer has its piezoelectric tensor and its relative thickness. Apparently, the 


addition of like components of piezoelectric tensors must be carried out, taking into account the angle of fibril 
S. 


inclination a, the relative thickness of layers i. and the relative content of cellulose 1 according to formulas of 
q 


the general type 


a ae [(3cos* @ y—1) sq; + ... + (800s? a,,, — 1) SmI ml de. 
ey SAC an aN po") CRREES RES ae. 


where s = Sy + Sp + ee. + Sa is the thickness of the cell sheath and the layers which make it up, q = dy + dp + 


+... +), is the amount of cellulose in the cell and in the layers of which it is composed. 


Individual layers have different angles of fibril inclination and therefore are not equal in piezoelectric 
properties, Asa whole the cell may be characterized by a certain average angle of fibril inclination X pe 


3 cos? a, — 14 
I ity rp 
dia — a tset sy (4) 


The position we have taken in this article is confirmed not only by the fact that the differences in moduli 
of various species of wood may be explained by Formulas (2-4) but also by the following experiments with 
compressed wood, 


With plane compression of wood its cells are not infrequently deformed to such an extent that there is no 
open space between the walls [11]. When compression takes place in the direction of the X, axis (Fig. 1) the 
walls a elongate, and when compression takes place in the direction of the Xg axis (Fig. 1) the walls b elongate 
[see formula (2)]. Under these conditions we have found in birch wood, compressed to a density of 0.91 g/cm’, 
piezoelectric moduli dg = dayg + dggy, of the order of 0.1°107* CGS units, clearly changing their sign depending 
on the direction of the compression, in accordance with Formulas (2), In the case of noncompressed normal 
wood dg, = 0 [3, 4]. 


As long as the compression is accompanied not only by changes in the shape of the cell, but also by the 
packing of the wood, we have found in aspen which was radially compressed (along the X, axis) an increase in 
the piezoelectric modulus dy, from 0.348 ° 107® to 0.740+107°; this increase is proportional to the increase in 
density up to a certain limit; changes in the piezoelectric modulus dy, are insignificant. A change in the piezo- 
electric properties of wood on planar compression occurs in connection with changes in the elastic properties of 
the material which occur at that time. In the case of tangentially compressed wood, when such a compression 
is possible, it is natural for the piezoelectric modulus dy4 to increase, but also only up to a certain limit. The 
existence of such a limit is due to the sudden increase ofthe moduli of normal elasticity when the walls of the © 
compressed cells come together. 


The piezoelectric properties of compressed wood are of interest to the growing technology of compressed 
wood [12]. 

It is interesting to note that the practically nonpiezoelectric mastic tree wood shows isotropic mechanical 
properties [13] due to the degree of its cellulose orientation, an indication of which may be the magnitude of the 


piezoelectric modulus. 


It follows from this study that the piezoelectric moduli of wood serve as indications of the degree of its 
orientation as an anisotropic material as long as they correlate with the structure of the cell sheaths, are influenced 
by the nonhomogeneity of the morphological structure of wood and reflect the artificially induced changes in the 
structure of wood resulting from such actions as compression. 


In conclusion let us note that the piezoelectric properties of wood discovered by A. V. Shubnikov and the 
theory of piezoelectric textures which he developed may be used not only in the study of wood as a technical 
material but also for the study of cell structure and tissue groupings as biological entities, 
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PIE ZOELEC TRIC SHEAR MODULUS OF 
POLARIZED BARIUM TITANATE 


S. V. Bogdanov, B. M. Vul, R. Ia. Razbash 


The piezoelectric modulus dg, = dos of polarized barium 
titanate ceramic is determined by a static method. We calculate 
des, dis and dy4 _— for a single crystal from the values obtained 
on ceramic samples. 


The piezoelectric moduli dgz and dg, = dgg, which characterize the behavior of polarized barium titanate 
under tension and compression,have already been measured [1]. For the dynainic state they have been determined 
by Rzhanov [2, 3] and others [4, 5]. In addition to these two piezoelectric moduli, polycrystalline barium titanate 
is characterized by dy4 = ds, which is associated with shear. For the static case it can be determined by a 
method suggested by Shubnikov [6]. This method consists of measuring d33 and ds, on some initial samples (in 
which the remnant polarization is directed along the axis chosen as the Z axis), and then measuring dj, in samples 
cut out of the initial ones so that the direction of the remnant polarization makes an angle of 45° with the new 
Z' axis (Fig. 1). This data is easily used to obtain do4 = dys. 


The method suggested by Shubnikov may be modified so as to reduce the determination of dg, to only two 
measurements (or even one) on a cubic sample in which the polarization is directed at an angle of 45° to a side 
of the cube. To do this, let us express djg and dg; in terms of the piezoelectric moduli of the initial samples [7]. 


We have dix, = L¢jiCmxCnidjmn [Eq (1)] where Cyg are the direction cosines indicated in Table 1. 


For barium titanate the nonzero components 


TWACBIDE: ail 
d ds, = d deen =". 
333 = loog == = me 
Pe | wel ie » Os11 = F320, Fa29 = Boga = Ais = igi, (2) 
are given in terms of the moduli with two indices by the equation 
Ad Oya C12 C18 
ne Cor C29 C23 
Z C31 C32 es A333 = 33, dy11 = day, A399 = Azo, Ayo3 + dogo = Ao4, dig + dys; = dyg. (2 
Thus Equation (1) becomes 
‘ 
int = CyiCgxCgiAgg3 + CyiCinCy1Agiy + CyiConCatd goo + 
(3) 
H+ CeiConCgidoo3 + CoiCgxCotdage + CriCikCgiCiig + CriCgxC114y31- 
Bearing in mind (2) and (2°), the desired piezoelectric moduli are given by 
Y Y 3 2 2 2 2 
dg3 = A333 = C33433 + CaaCi9%s1 + C33C23%32 + C3sCosdeq + C33Cisdis, (4) 
, ' 2 2 2 
dz = dog3 = Cy2C3n733 + C32C13031 + Cg2Cagdg2 + CoxCo3Cg3d24 + Cy2CisCg3415- (5) 


1 This method was communicated to us before publication of the book. 
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In our case (see Fig. 1) 
f9 ay 
Cy = 4% Cog = Cgq = C35 = V Zia; Cog = SOE Cia = Cis = Co = Co ee 


so that (4) and (5) reduce to the much simpler expressions 


dss = 0.354 (d35 “fe d3o aia oq), (6) 
dyg = 0.354 (dg3 + dz, — dq). (7) 


As is seen from (6) and (7), in order to find dy, we need know, in addition to d33 and dy of the original 
samples, only dgg or dgg; this is seen by writing 


, 


d 
dui ashe 
digg = (d33 + d32) — TRE ; es 


We may also restrict our measurements to djg and dg; , and obtain the piezoelectric shear modulus from 
the relation 


d __ Fg, —~ dog 
“a= OB an 


If the areas of the Y and Z faces are equal, then d4, = Q3/F 33; d33 = Q3/F $3 and Equation (10) becomes 


Q; —Q, 


FB pen 
BSSGREOL TOR fe (11) 


where Q3 and Qj are the charges on the Z' and Y' faces, respectively, and F3 is the force acting on the Z' face. 


It follows from (11) that the determination of dag can be reduced to a single measurement if each electrode 
makes contact simultaneously with two faces, as is indicated schematically in Fig. 2, since in this case we are 


Z 


7 


electrodes 


Fig. 2. 


obtaining a direct measurement of the algebraic sum of the 
charges Q3~Q3. (One electrode contacts the faces crossed 
by the positive Z axis and negative Y axis, and the other 
one contacts the faces crossed by the positive Y axis and 
negative Z axis). 
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TABLE 2 


' ' : , + | Calculated according to Equation 
dod aera cad we Se Tin hie ee 
9 See — = 


dy #8 2 es ; 
2 2 2 i (8) (9) (10) (if) 

4,.0-10-* | 1.4-10-§ | 2.9-410-8 | 1.1:40-§ | 3.6-10-* | 5.6-10-6 | 5.7-10-* | 5.6-10-* | 5.0-10-¢ 
See) ts 1.4 » Ph ek) Oey Seif es aah i on aD hed ap Sota 3 
ALOT Rab eta Beak ops Bia) 4) Bay Oe, Ge) af Syalay ofS 4.9 » 
407 1 eae a 2.8 » Lae tie 4) es) Big» SAG. > 4.9 » 
OO 5 PS Neat ala eet ee dee oy Broly Hey See 4) 5.4 » 4.9 » 
47 » shoot he neal ons AG oS lee af Galiano 5.9 » 5.2: 9 

Av an 
4,0-10-8 1.5-10-|2.8-10-8 1.1-10-* | 3,6-10-8 | 5.4-10-® | 5.6-10-* | 5.5- 10-8 [5.0 -10-® 


In the present work the piezoelectric shear modulus was determined by using Expressions (8), (9), and 
(10), as well as directly by (11). The results of the measurements and calculations for dg (in cgs electrostatic 
units) are presented in Table 2, In performing the calculations one must bear in mind the fact that dg, and dg, 
have signs opposite to those of dgg and 33. In the calculations we used 0.5 (dg, + dap), 0.5 (dgg + dg) and 0.5(dg3 + 
+ dy) in order to eliminate chance deviations from the equalities da, = dz, dz = dyy, deg = dyg. In the 


measurements, the stresses O33, Sg9, O33 and Og, were no greater than 20 kg/cm? so as to avoid "fatigue" of the 
samples. 


It is seen that (10) is the arithmetic mean of (8) and (9), so that the value of dg, it gives may be consi- 
dered more accurate, At the same time, the piezoelectric modulus obtained by (11) is found to be somewhat 
higher (by about 10%). This can be explained by the fact that when applying the electrodes, as can be seen 
from Fig. 2, it is necessary to leave a small gap near the edges in order to avoid contact between the oppositely 
charged electrodes, In our case the face width was 4.5 mm, and a gap of only 0.2-0.3 mm is sufficient to cause 
this error, Thus this method can be used for finding dg, only if the area of the remaining gap is negligible 
compared to the area of the face. 


From the table it is seen that the piezoelectric shear modulus dg4 of polarized polycrystalline barium 
titanate is of the order of 5.5°107° and is greater than d33, Measurement of dys in the dynamic state, which 
was performed by Rzhanov on other samples [3] also showed that d,s is greater than d33 by a factor of about 1.5. 


The effective piezoelectric moduli d}, of a polarized polycrystalline sample are related to those of a 
single crystal d¥_, by [8, 9]: 
4 * . * * hd? 
le, = ad + cos 0) [dy3 (4 + cos? 0) -+ (d31 + dys) sin? 9]; 
ds) = =e (1 + cos 6) [(das — dys) sin? 6 4+ (4 — sin? 0)dsx); 
4 * + ears * 
di. = WS (1 a cos 6) [(ds3 —— ds1) sin° 0 -|- On (1-+-cos76)], 


where @ is the limiting angle between the direction of a polarizing electric field and the spontaneous polari- 
zation in a single crystal. 


On the assumption that 9 = 90°, we have 


ds3 = 0.20 (da = diy, sf dis); 
dg) = 0.120 (ds = Bday ae dis); 
die ee Oe dee nwt on): 


Inserting the average values 


dog = 40-1078; dy, = —1.5-1078; dy, = 5.5-10°, 


into these expressions, we obtain 
di, =~ 8.0:107% dy=—3.0-1079; dj, = 11.0-107*. 


This result is in satisfactory agreement with data obtained directly on single crystals [10], namely 
dyg == 9.5210; dgy = — 31-10". 


If we assume that @ = 55°, we have 


docs Do da 0 co cd ec cmne 
de 04s aero bed Oe ae 
2 0 26rd aO2G) de s0/ERed),e 


Then d% * 5.1°10~°; d%, © —1.9°10°° and d®& =7.0° 10°® which differs greatly from the results presented 
above for direct measurements on single crystals, 


Thus this result may be considered indirect verification of the fact that polarization of a ceramic causes 
predominant reorientation of the domains by 180°, or that the maximum angle @ is more likely to be 90° than 
55°, 
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DIELECTRIC AND PIEZOELECTRIC PROPERTIES OF POLARIZED 
CERAMIC BaTiO, IN ITS VARIOUS FERROELECTRIC PHASES* 


L. A. Shuvalov 


The relationship between polarization, piezomoduli and 
permittivity of polarized ceramic BaTiO, and the same proper- 
ties of monocrystals, of which this ceramic consists, is obtained 
for all ferroelectric phases. Dependence on the polarizing field 
and on various allowed domain rotations of the changes in the 
above properties of the ceramic at phase transitions is discussed. 
The effectiveness of polarization of the ceramic BaTiO 3 under 
various conditions is estimated, 


I. Introduction 


Just as Rochelle (Seignette) salt was the first representative of a now very extensive class of ferroelectric 
crystals, so texture obtained on melting of Rochelle salt was the first representative of piezoelectric textures 
discovered by Shubnikov [1]. 


Polycrystalline ceramics of the barium titanate-type ferroelectric crystals, which have been used in recent 
years for a great variety of purposes, also possess piezoelectric texture in the polarized state [2]. 


Expressions which relate the piezoelectric, dielectric and other constants of polarized ceramic barium titanate 
to the constants of component crystals are of great interest, Such expressions make it possible to compare proper- 
ties of ceramics and monocrystals, to estimate the effectiveness of polarization of ceramics, to discuss changes in 
the constants of ceramics on phase transitions and to make other deductions, 


The study these expressions in the first approximation we may use the method employed by Shubnikov in 
his study of the Rochelle salt texture [1]. In the case of polarized ceramic BaTiO, the problem is more complex 
than the Rochelle salt texture due to a greater variety of crystallite orientations as well as due to the presence 
of three ferroelectric phases in BaTiO3, compared with one in Rochelle salt, which belong to different crystallo- 
graphic classes and in each of them several domain orientations are possible because there are several ferro- 
electric axes in barium titanate crystals [3]. 


The present paper deals with the first approximation to the relationship between properties of polarized 
ceramic BaTiO, and the crystals of which it consists, in all three ferroelectric phases, as well as with certain con- 
clusions from the expressions obtained, 


Vamherroclectr cucena milctexrure 


In a ceramic crystallites are distributed and oriented chaotically i.e., statistically uniformly in all 
(arbitrary) directions, Each of the crystallites of a ferroelectric ceramic in a ferroelectric phase consists of 
domains (in the general case each crystallite is polydomain). When the ceramic is not polarized polar Z-axes 
in the domains of crystallites are distributed statistically (on the average) uniformly along all allowed directions 
of the spontaneous polarization vector P, (the number and orientation of such directions are rigidly fixed for each 


* The main part of the present communication was reported at the First Conference on Ferroelectricity held in 


Leningrad in June 1956, 


crystallite and change only on transition to another ferroelectric phase [3]), Thus in the ceramic as a whole 
the axes Z of the domains are also distributed uniformly along all directions. Such a ceramic has isotropic non- 
piezoelectric texture of the symmetry group c/o or oo/oo*m. 


Barium titanate in the cubic phase belongs to the @/4 class while in the ferroelectric phases a monodomain 
crystal (or a single domain) of BaTiOg belongs to the classes 4*m, 2*°m or 3*m. Consequently the BaTiO 
ceramic in the cubic phase, or in the ferroelectric phases when it is not polarized, has texture of co/co+m 
symmetry, since it consists of crystallites (domains) with longitudinal planes of symmetry. 


On polarization of the ceramic the crystallite domains acquire a predominant orientation and are eventual- 
ly aligned with their Z-axes along those allowed directions of P, in crystallites which are closest to the direction 
of the polarizing field and are most favorable for energy reasons, Almost all the crystallites then become mono- 
domain, the exception being those which possess two or more permissible directions of spontaneous polarization 
each of which is equally close to the direction of the polarized field. 


In contrast to ferromagnetics, in ferroelectric crystals it is not possible to have a continuous rotation, re- 
lative to the crystals, of the direction of the spontaneous polarization vector Ps (or the Z-axis) of domains or 
alignment of this direction along the applied field, if the field has an arbitrary direction which does not coin- 

cide with one of the allowed directions of P, for the crystal, Therefore in polarization of the BaTiO ceramic the 
domains cannot align their Z-axes strictly along the polarizing field and these Z-axes lie in a certain solid 
angle @ about the direction of the field — the so-called Z©-axis of the ceramic, This angle 9 depends on the 
magnitude of the polarizing field, on conditions of polarization, degree of departure from cubicity of individual 
cells etc., but the minimum possible angle of distribution © }j;,, which corresponds to the state of maximum 
polarization, is determined only by the allowed rotations of domains by fixed angles (for details see below), 


As a result of polarization the BaTiO, ceramic acquires polar piezoelectric texture withao+-m symmetry 
[2] in any one of the three ferroelectric phases (since in each phase the 4*m, 2°m, or 3*m domains possess a 
longitudinal plane of symmetry), Thus the symmetry of the polarized BaTiO, ceramic does not change when 
its component crystallites undergo phase transformations with changes of temperature, 


3. Deduction of formulas relating constants of the polarized ceramic with cons- 
tants of the component monocrystals* 


Before deduction of formulas relating constants of the polarized BaTiO3 ceramic with those of the component 
monocrystals, a number of simplifying assumptions must be made. We shall disregard interaction between crystal- 
lites (and domains) as well as imperfections of the ceramic (vacancies, binder and so on), It shall be assumed 
that internal mechanical stresses produced in the ceramic on firing are not affected by external influences and that 
only the field applied to the ceramic acts on each crystallite (domain), The distribution of the Z-axes of domains 
ina solid angle 0 is assumed to be uniform. We should note also that, on application of the formulas given below 
to finding the relationships between various piezo-coefficients (d, e, g or h) or various dielectric constants of the 
ceramic and of monocrystals, we may obtain different results. It is very difficult to prove theoretically the cor- 
rectness of averaging out the properties corresponding to tensors of the same rank [4] and this correctness should be 
checked by comparison, under various conditions, of calculated results with experiment, 


The formulas given velow for the relationships of properties of the ceramic with those of its component 
monodomain crystallites (or simply domains) are necessarily approximate and should be used with caution, These 
formulas do, nevertheless, permit qualitative conclusions to be drawnand even produce fair agreement with experi- 
ment, This was shown by calculations of the relationship between piezomoduli dj; of the ceramic and dij of 


monocrystals of the tetragonal BaTiO, carried out by Vul, Bogdanov, Razbash and Timonin [5], which supported 
the correctness of averaging of dij, 


We shall now deal with deduction of formulas. The complex details are omitted and only the general 
plan of calculations is given. 


A system of coordinates X, Y, Z, fixed in a crystallite (domain), is related to a fixed system of coordinates 


* For the BaTiO3 ceramic in the tetragonal phase these formulas were obtained earlier by B, M. Vul, S. V. 


Bodganov and A. M. Timonin and discussed in their paper read at the First Conference on Ferroelectricity in 
June 1956 (see [5]). 
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of the ceramic X°, YS, Z¢, in the general case, by three Euler angles@, » and g, where @ is the angle between 
the Z and Z°-axes, y is the angle of rotation of the X, Y, and Z system about the Z°-axis andy is the angle of 
rotation about the Z-axis (see, for example, [6], §52). The angles y and g may vary from 0 to 2m, the angle 

8 — from 0 to m for nonpolarized ceramics and from 0 to @for polarized ceramics (on polarization of a ceramic 
only the angle 6 changes, as shown earlier), By means of the usual tensor transformations we write down the 
components of tensors dij, €;, etc. of a monodomain crystal (they are different for each ferroelectric phase) in 

the coordinate system X-, Y°, Z° of the ceramic, we integrate for all possible angles of orientation of a single 
crystallite (domain) and then we average out the expression obtained for each tensor component, As a result of 
these operations we obtain, following the symmetry of a polarized ceramic, formulas expressing piezomoduli df 
of the ceramic in terms of piezomoduli djj of a single crystallite (domain). 


For the tetragonal phase (4* m) 


1 
di, = re (1 + cos 9) [(1 + cos? 0) dy, + sin? 0 (ds5 — dos)l, 
d& = | (1 + cos 0) [(4 — sin®6) day + sin? 0 (dy, —d,)), hi 
4 
das WA (1 + cos 0) [(1 + cos? 0) dss + sin? 0 (dy, + dx)]; 
for the rhombic phase (2+ m) 
dis = e (1 + cos 9) [( + cos? 6) dhs + dog = dog + sin? 0 (dss __ dai = “\) 
Cra = “ (1 + cos 6) [(4 — sin? 0) Ea28L + sin? 0 (dso Us s “)| ' (6) 
: dys Sin dyq 


ss =z (1+ cos) [a + cos? 0) ds, + sin? a( ue ds) ay “*) 


and for the rhombohedral phase (3+ m) the formulas are identical with those for the tetragonal phase given by 
Eq. (1). 


Calculations of polarization P© of the ceramic give the same formula for all ferroelectric phases, which 


has been obtained by Rzhanov [7]: 


c 1-+cos0 
aa ae Ps, (3) 
where P, is the spontaneous polarization of a single domain. 


Calculations of dielectric permittivities of the ceramic €j and és yield the formulas given below. For 
the tetragonal phase 


ey = - [4 + cos 0 + cos? 0) e, + (2 — cos 6 — cos? 6) e5| ; 
1 


e5 = a [(2 — cos 4 — cos? 0) ¢, + (1 + cos 9 + cos? 6) e3| ; 


(4) 
for the rhombic phase 
c 4 0 29) Si £2 5 5 
—— [(4 + cos 0 + cos?) 2F® 4 (2 — cos 6 — cos?) e3| 
: : (5) 
G = z(@ — cos § — cos? 6) ae =a (1 cos 6 © cos 0) 2a 


and for the rhombohedral phase the formulas are identical with those for the tetragonal phase given by Eq. (4). 


The formulas (1)-(5) hold only within the limits of the polarized ceramic model, i.e., at sufficiently small 
applied fields which cannot reverse polarization of the ceramic with consequent effects due to re-orientation of 
domains. 


The formulas (1) - (5) allow us to find, from P., dij and ¢; for a monodomain crystal, the quantities pc, 
dij and ¢£ for the ceramic, The converse solution is always permissible for P,, but to find all dj; and €j from 
the properties of the ceramic, the number of components of tensor of the ceramic must be identical with the 
number of such components for a monocrystal. This condition is obeyed in the tetragonal phase. For the rhombic 
phase we can find (from the ceramic properties) only 


ds; -+- dye dy5 -+- dog €) + €9 
33 , go ad e,and—. 


For the rhombohedral phase we can find only €j and moduli dyg, dg, 433; modulus dy, of a monocrystal does not 
occur in the formulas of Eq. (1) and consequently its value does not affect the values of dfj of the ceramic. All 
these calculations are possible only when the angle of distribution @ is known, since it occurs in all the formulas 
of Eqs. (1) -. (5), . 


4, Differences in the domain angle of distribution @ at various allowed rotations 
of domains 


It was shown above that minimum (limiting) angle of distribution of the Z axes of domains, which cor- 
responds to the maximum of polarization of the BaTiO, ceramic, is determined only by the allowed domain 
rotations of fixed angles whose values are different in different ferroelectric phases and which are, in their turn, 
determined by the allowed directions of Ps (Z-axes of domains) in a crystal of the given phase. 


We shall consider the tetragonal phase of BaTiO3. In a polydomain tetragonal BaTiO; crystal the domain 
orientations are possible only along edges of the original cubic crystal, that is domain rotations by 180° (from an 
antiparallel position) and by 90° (from a normal position), It is of no importance to us that these rotations may 
in fact occur indirectly due to motion of domain boundaries. If in crystals forming the ceramic only the 180° 
rotations are allowed, then at the maximum polarization of the ceramic the domains oriented furthest away 
from the polarizing field direction (the Z°-axis of the ceramic) have their Z-axes at 90° to Z©, Therefore 9)j,;, = 
= 90°. If in addition to the 180° rotations also 90° ones are allowed, then at the maximum of polarization the 
domains oriented furthest away from the field direction are those for which the Z°-axis of the ceramic lies along 
the space (internal) diagonal, i,e., those for which the angle ZZ© = 54° 44'08", and therefore in this case 0),,, = 
= 54° 44'08", When tetragonality of the domain is taken into account the minimum angle becomes 94;;, = 


= arc tan = 54° 36"; in further discussion such a difference in the third place is neglected for all phases. 

In a polydomain BaTiO 3 crystal in the rhombic phase the domains are oriented with their Z-axes along 
diagonals of the faces of the original cubic crystal and consequently 180°, 90°, 120° and 60° rotations are possible. 
If in the crystals of which the ceramic is composed only the 180° domain rotations are allowed, then 9); = 90°; 
if the 180° and 90° rotations are allowed, then 94;;, = 60°; if all the domain rotations (180°, 90°, 60° and 120°) 
are allowed, then 9);,, = 45°. 


In a polydomain BaTiO crystal in the rhombohedral phase the domains are oriented with their Z-axes 
along the space diagonals of the original cubic crystal; consequently 180°, ~55° and ~109° domain rotations 
are possible, If in the component crystals of the ceramic only the 180° domain rotations are allowed then 
Ojim = 90°; if the 180° and ~55° (and ~109°) rotations are allowed, then 0);,,, = 54° 44’. 


It follows that, depending on which of the possible domain rotations take place on polarization of the 


ceramic, the values of 9];;, and consequently the values of P°, €; and ap may differ considerably, 


Knowing P© and P, or the corresponding values of constants for the polarized ceramic and monodomain 
monocrystals of BaTiO3 in a given ferroelectric phase, we can find from the formulas (1) - (5) the angle of 
distribution @ and deduce which domain rotations are predominant in the given phase and the given ceramic, 


The possibility of such calculations for the tetragonal BaTiO, ceramic was first pointed out by Vul, Bogdanov 
and Timonin [5]. 


OeVa Dita tlion sot dy » Po and“ i with change of the angle of distribution ® and the 
Properties of the BaTiOg ceramic described by tensors of odd and even rank vary in different ways with 
variation of the angle of distribution 6 in polarization of the ceramic, The odd-rank tensors (P© and dF) are 
equal to zero in a nonpolarized BaTiO, ceramic (0 = 180°), since such a ceramic belongs to the o/o> a 
symmetry group, it possesses a center of symmetry, and consequently, following Neumann's principle, it cannot 
have physical properties describable by tensors of lower symmetry (tensors of odd rank do not possess a center 
of symmetry). On application of the polarizing field.components of the odd-rank tensors rise monotonically and 
reach a maximum value when the Z-axes of all domains are aligned parallel to the field, i.e., when @ = 0 (a 
purely theoretical case), The even-rank tensors (for example ¢€; and S, iikD do not become zero at any value of 
@ but the number of independent components of tensors at 9 == 180° icredeat’ since the ceramic changes from 
isotropic co/co-m to anisotropic (transversely isotropic) ao+m texture. 


To discuss the dependence of df; on 6, given by Eqs. (1)-(2), we must know numerical values of d,.. 
Unfortunately there are no published values of all moduli dj; for BaTiO, monocrystals even in one phase, The 
author suggests a different approach, It was reported in a number of papers (see Table 2 below) that in the 
polarized tetragonal BaTiO, ceramic free from impurities the following relationship is well obeyed 


Cc 
d33 —d5y = dis . (6) 


We may assume that the above empirical relationship holds also for moduli djj, i. e., 
dg3 — day = dys. (6') 


[We may note here that Eq. (6) follows from Eq. (6")]. The formulas in Eq. (1) now become identical and 
assume the form 


4 0 
ay = — dij. (7) 


The ceramic piezomoduli di, now have the same dependence on 9 (Fig. 1) and consequently proportionality 
between them is conserved at all values of the polarized field, The maximum possible values of moduli di, of 
the tetragonal ceramic are equal to 0,79 dij (when the 180° and 90° domain rotations are allowed, i.e., when 
®1im = 54° 44'), We may assume a qualitatively similar dependence of di, on @ for the rhombic and rhombo- 
hedral BaTiO ceramics, 


Comparison of Formulas (3) and (7) shows that dependence of polarization of the ceramic P° on@ is 
identical with dependence of di on @, and Fig. 1 represents both these dependences.* This is to be expected in 
view of what was said earlier on behavior of the odd-rank tensors. 


The curve showing dependences of d©, and P® on ® (Fig. 1) is very similar to the experimental curves 
showing dependences of dij and P© on the polarizing field (the latter two curves are of identical nature) [14]. 
Consequently we may cane that the angle of distribution 9 is a linear function of the polarizing field intensity 
E, ice., decrease of the angle @ is proportional to increase of the field intensity E up to a value of E,,,, which 
corresponds to the state of maximum polarization of the ceramic (for given allowed domain rotations) and with 
further increase of E the angle 9 remains unchanged, 


Thus we may assume that 


@ =-kE +n (forE SE 8 = const (for E = Emax) (8) 


max)? 


* The limiting value of P© for the tetragonal ceramic (when the 180° and 90° domain rotations are allowed) cal- 
culated by Rzhanov [7] and used in literature is inexact and should be equal to ~0.79 P,, not to 0,78 Ps. 
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Fig. 3. Dependence of ds of the BaTiO, ceramic on the 
polarizing field intensity, 

1) The experimental curve (dea miaxee doe 10a C.8.S. 
units, Emax = 2 kv/mm, t = 2 hours), 2) the theoretical 
curve, 


Here k = a constant which gives “polarizability” of the ceramic (the higher value of k, the lower Er~ay). Such 
a dependence of 9 on E is shown by curve 1 in Fig. 2. 


If, assuming the relationships given by Eq. (8), a theoretical dependence of d& on E is drawn on the basis 
on Fig. 1, and it is compared on a suitable scale with a typical experimental curve ios qf, = f(E ) [14], good 
agreement is obtained (Fig. 3) up to the values of E, close to E,,,,, where the experimental curve is smooth and 
the theoretical curve shows a break, A similar behavior is exhibited by the theoretical and experimental curves 
PC = f(E). Such an agreement supports the assumptions of Eq. (8) and the real dependence of 9 on E, with the 
difference between the curves of Fig, 3 taken into account, should have the form of curve 2 in Fig. 2. 


The process of polarization of the ceramic can be thus represented, in a first approximation, as decrease 
of the angle of distribution 0 of the Z-axes of domains which is proportional to the field intensity, i.e., a “rota- 
tion” of domains proportional fe the field, When not only the 180° but also other possible domain rotations take 
place the effective values of di, j are always increased, 
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Dependence of ef (an even-rank tensor) on 9 should 
be quite different. Starting from €, >> €3, we obtain curves 
of ae = {0 ) and es = f(9) given in Fig. 4. We may assume 
that dependences of €; on E are qualitatively similar, From 
Fig. 4 we can see that, if only the 180° domain rotations are 
allowed, at E,,,, (when @ = 90°) the ceramic has the same 
permittivities asin the unpolarized state. Anisotropy of 
ef at Eas shows that other than the 180° domain rotations 
also occur, 


We used the Formulas (1)-(5) which hold for a uniform 
distribution of the Z-axes of domains, although at field 
intensities lower than Binax this distribution is not uniform, 
even when the 90° rotations take place after the 180° rota- 
tions are complete. Thus, although useful in a descriptive 


way, the angle 9 < @),_ is a somewhat formal (theoretical) 
quantity. 


6. Comparison of values of dij and d;; of 
a ee 
the tetragonal phase of BaTiOg 
Comparison of df and dij using the Formulas (1) and 
(2) is difficult because tor BaTiO3 monocrystals only dgg and 


ds; have been measured and only in the tetragonal phase [8]. Vul, Bogdanov, Razbash and Timonin [5], who cal- 
culated from their experimental values of dj, of the tetragonal BaTiO; ceramic the values of d,, for a mono- 
domain monocrystal, obtained good agreement with experiments when 9 = 90° (see Table 1). They concluded 
that in the ceramic measured by them the 180° domain rotations predominate. 


TABLE 1 


Experimental values of df; x 10! c.g.s. units [5] 


Experimental values of d°, x 10’ 


c.g.s. units [8] 
Theoretical values of dj; x 10’ c.g.s. units at 0 = 90° [5] 
Theoretical values of dj; x 10’ c.g.s, units at @ = 54°44" [5] 


TABLE 2 
ey ae kn eve bee eb Se Rael Ee ee 
Work cited 
Piezomodulus | | ny py | (i) | 4 | by] 
dy,,-10’c.g.s, units} — = 81 78 55 | = 
d§, -10’C.g.s, units}—1 4 — —23,7 | 23:5 | —15 | —13 
d5,-10"c.g.s. units| 32 BIAS | STS | oo 40 35 


Values of piezomoduli dy; of the polarized tetragonal BaTiO, ceramic measured by various authors differ 
considerably (see Table 2), These values can be, however, easily divided into two groups: 


Firets te abloi = Borin 400s 
54 57.5-107" 


Second — das 


From Eq. (7) or Fig. 1 we can easily find the relationship between aj : 
when the 90° rotations are also allowed 


are allowed and dS 


jm%° 


’ 


AQ tee e107: dye 55-105) c.g... units, 
dyj= —22.5-- —24-10~7; dg = 78 +-81- 10’ ¢-.g.s. units, 


go® When the 180° rotations only 


Cc = Cc 
dF; 90 = 1-58 dF ape « (9) 
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As de, go? We may use, following [5], the values of di from Table 1 (these values belong to the first group 
of dy obtained by various authors; see text above), From Eq. (9) we now find 


daxeor) == 83:10, Gaerne 24:40", doar) 9875100 


This new set of values is very close to the second group of values of dy discussed above. Consesinenhty tr is 
suggested that the first group of values of dij refers to the pet agons BaTiO; ceramics in which the 180° domain 
rotations predominate in polarization, while the higher values of qi; (the second group) belong to the ceramics 
in which also the 90° rotations of domains take place. 


7. Variation of the angle of distribution @ on phase transformations in 4 polarized 


ceramic 


On lowering of temperature BaTiO, transforms from the nonferroelectric cubic modification, first into the 
ferroelectric tetragonal (at 120°C), then into the rhombic (at 10°C) and finally into the rhombohedral (at —70°C) 
modification, The direction of P, of domains with respect to the original cubic crystal changes abruptly at phase 
transformations. These changes will also occur at appropriate temperatures, in crystallites of which the polari- 
zed BaTiOg ceramic is composed. 


Nine cases (see Table 3) are theoretically possible, but in practice only the cases 1, 2, 4 and 5 are of 
interest, 


TABLE 3 
Region of polarization of the ceramic Region of application of the 

ceramic 

1 Tetragonal Tetragonal 

2 Tetragonal Rhom bic 

3 Tetragonal Rhom bohedral 

4 Rhombic Tetragonal 

5 Rhombic Rhombic 

6 Rhombic Rhombohedral 

if Rhombohedral Tetragonal 

8 Rhom bohedral Rhom bic 

9 Rhombohedral Rhombohedral 


On transition of BaTiO; from the tetragonal to the 
thombic phase in each domain the Z-axis (direction of P;) 
is rotated by 45° about the X-axis. In the polarized 
ceramic along every direction in the solid angle of 
distribution 9 lie Z-axes of the domains which have 
arbitrary directions of the X- and Y-axes (the angle 
varies from 0 to 27), After transition of the polarized 
ceramic from the tetragonal to the rhombic phase the 
domains, previously oriented with their Z-axes along one 
straight line, now form, with their Z-axes, a cone of 45° 
semi-angle around that ‘straight line (Fig. 5). The angle 
8, therefore, increases by 45° in this phase transformation. 
The relationship between the absolute values of d°. in the 
tetragonal and rhombic phases does not depend on the 
relationship between dij in these phases. The ratio 


Fig. 5. Change of the angle of distribution 9 on d5./d,, (the relative effectiveness of piezomoduli of the 
transition of the ceramic, polarized in the tetra- ceramic) decreases on phase transformation. (In the 

1 phase, from the tetragonal to the rhombi 
He petit: Game ie? Gane ha a rhombic phase by dij we mean dg3 or Su + de. ¢ , OF Sag + dug xe )e 


(On polarization both the 180° and 90° rotations 
of domains take place). 
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On transition of BaTiO, from the rhombic to the rhombohedral phase the Z-axis of each domain is ro- 


tated by 35°16", Consequently in this transition of the polarized BaTiO, ceramic the angle 0 increases by 
~35°, 


If the BaTiO, ceramic is polarized while in the tetragonal phase, then d<, jj 180° = 0.5 dij » dS, goo = 0.79 dy js 
after transition to the rhombic phase this ceramic possesses the tote moduli, related now to the piezo- 
moduli of rhombic monadomain monocrystals, dij = 0.15 dij and dij = 0.4 dij, respectively. (The latter values 
were obtained without taking into account the panuetiounity of the domain distribution arising in a polarized 
ceramic at phase transformations, Due to that nonuniformity the effective increase of the angle is smaller and 
the differences in the relative effectiveness of piezomoduli of the ceramic are not so testo If the 
ceramic is polarized while in the rhombic ke then we obtain de 180° = 0.5 dij, de o° = 0.75 dj, and, when 
the 60° rotations of domains are also allowed, dij 60° = 0.85 di; , (which is the maximum atte relauve effective - 
ness of piezomoduli of the ceramic). A similar decrease of aie relative effectiveness of piezomoduli of the 
ceramic takes place when the BaTiO, ceramic is polarized while in the rhombic phase and used while in the 
tetragonal phase. 

If the polarized BaTiO; ceramic is used at temperatures corresponding to the rhombic phase, then polari- 
zation while in that phase yields higher values of piezomoduli than polarization while in the ‘tetragonal phase 
(if in the rhombic phase the same rotations, in the limit, take place as in the tetragonal phase). If the polarized 
ceramic is used both in the tetragonal and rhombic phases, and polarization while in the rhombic phase produces 
the 60° domain rotations, it may be useful to polarize such a ceramic while in the rhombic phase. (These conclu- 
sions hold assuming a sufficiently high electric breakdown strength of samples.) 


This theoretical discussion of dielectric and piezoelectric properties of the polarized BaTiO, ceramic, 
including domain orientation, shows that, although the formulas (1)-(5), which relate the values of constants of 
the polarized ceramic with the values of the same constants of monocrystals (domains) of which the ceramic 
consists should be used with caution, they make it possible to estimate the effectiveness of the process of polari- 
zation of the BaTiO, ceramic, to study the changes in parameters of the polarized ceramic on phase transfor- 
mations, as well as to give a physical picture of the processes of polarization of the ceramic. 


In conclusion the author thanks I. S. Zheludev for directing this work and S. V. Bogdanov for valuable 
advice, 
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ELEC TROPHOTOGRAPHY ON PHOTOELEC TRETS 


V.M. Fridkin 


A method is described for producing images on photoelectrets of 
polycrystalline sulfur and single crystals of sulfur and anthracene. 
Reproductions are given of the first photographs on photoelectrets of 
polycrystalline sulfur. A sensitometric method of investigating the 
photoelectret state is proposed, 


In previous work, we studied the photoelectret state in polycrystalline sulfur [1, 2]. It was shown, in full 
agreement with [3], that the persistence ofa polycrystalline specimen in the polarized state was much longer 
than the time during which polarization is retained in a single crystal, At the same time, a photoelectret of 
polycrystalline sulfur was regarded as a polar texture with the symmetry oo+m (according to A. V. Shubnikov). 


Together with A. I. Froiman and E. L. Nemirovskii, we predicted the possibility of producing images on 
the surface of this type of polar texture [4]. This was based on the supposition of the local character of the space- 
charge distribution, due to the polarization of the photoelectret. The work described in the present paper is an 
experimental confirmation of this supposition. 


The method we employed for producing images on the surface of a photoelectret was as follows, 


A thin layer of sulfur, evaporated in a vacuum on to an aluminum or zinc plate, was polarized with con- 
tinuous illumination and applied voltage. The semitransparent electrode used was a quartz plate with an eva- 
porated film of gold or silver, On completion of polarization, illumination was discontinued and the voltage cut 
off from the electrodes, 


The charge on the surface of the photoelectret produced in this way was measured by means of a dynamic 
electrometer, the circuit of which is shown in Fig. 1. A vibrating electrode E, connected to the input of a cathode 
follower, was placed above the surface of the photoelectret. The output voltage from the cathode follower was 
applied to the deflecting plates of a cathode ray oscillograph. The amplitude of the signal was measured on the 
oscillograph screen directly in volts, 


A transparency of any kind (for example a raster) was placed on the surface of the photoelectret and the 
latter was reilluminated through it. The illuminated portions of the photoelectret were now fully depolarized, 
while the unilluminated portions (those covered by elements of the image) retained their polarization. This 
exposure produced a latent image, formed by the portions of the photoelectret which had retained their polari- 


zation. 


A triboelectric effect was used for developing the latent image. Asphalt powder was mixed with particles 
of sand or common salt, the sand or salt particlesbecoming negatively charged and the particles of asphalt 
positively charged. The mixture of the two powders was scattered on the surface of the exposed layer and, ac- 
cording to the sign of the charge on the photoelectret surface, the latent image was developed by particles of 
asphalt or sand, which adhered only to those portions where the polarization had been retained. 


Figure 2 shows reproductions of such electrophotographs produced on the surface of a photoelectret of poly- 
crystalline sulfur. 
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Fig. 2. Specimens of electrophotographs on a photo- 
electret of polycrystalline sulfur. 


Fig. 1. Circuit of dynamic electro- 


The layer of polycrystalline sulfur was polarized for 
meter. [651 Zh= 955 (Acorn)]. 


2-5 minutes at a voltage of 1.7 kv, with illumination by 
a PRK-2 mercury quartz lamp (the illumination of the 
surface layer was 10-*v/cm?), To eliminate the occurrence of a homogeneous charge, due to the transfer of 
charges from the semitransparent electrode to the photoelectret, a thin glass plate was placed between the sulfur 
layer and the semitransparent electrode. For producing the latent image, the photoelectret was depolarized by 
illuminating it through a transparency for 1 minute using the same illumination. 


Since the photoelectret state persists in a polycrystalline specimen for a relatively long time, the images 
produced on the photoelectret could be reproduced many times. A photoelectret of polycrystalline sulfur was 
kept in the dark with short-circuited cover plates, and the latent images was repeatedly developed, although its 
intensity diminished in the course of several days. Just as the term "electret" was introduced by Heaviside to 
denote the electrostatic analogue to the magnet, the phenomenon described is analogous to magnetic recording. 


It may be assumed that the density of the powder developing the latent image on the surface of the 
photoelectret is proportional to the density of the surface charge of the photoelectret. We have investigated the 
variation in density of the powder on the photoelectret surface with the time during which the photoelectret was 
retained in the dark with short-circuited cover plates, The surface of the photoelectret was periodically developed 
by the method described above, and the optical density of the powder was measured on a specific portion of the 
layer. For this purpose, the coefficient of reflection of the developed portion was measured by means of an FT-2 
photometer (constructed by the All-Union Institute of Scientific Instrument Construction), Assuming the optical 
density of the developed portion to be proportional to the density of surface charge of the photoelectret, we 
obtained in this way the time-dependence of the charge, investigated previously by us directly by means of an 
electrometer [1]. Figure 3 shows the dependence of the optical density of a developed portion of a photoelectret 
on the time elapsing from the moment of completion of polarization, which characterizes the variation in the 
charge of the photoelectret with time, The results given were obtained for layers of polycrystalline sulfur and 
for the above-mentioned polarization conditions. 


This method was applied to a study of the photoelectret state in single crystals of sulfur and anthracene. 


Sulfur plates of an area of about 1 cm? and thickness 1 mm were cut perpendicularly to the acute bisec- 
trix of the optical axes and polished on silk, moistened with kerosene. These specimens were polarized by the 
method described above, both visible and ultraviolet light being used for illumination. The polarizing voltage 
was 1.7 kv and the polarizing time 2-5 minutes. On completion of polarization, "development" of the photo- 
electret surfaces was carried out as described above, using a mixture of sand and asphalt. The results was that 
one surface of the polarized plate was covered uniformly with asphalt and the other with sand, this corresponding 
to the direction of the polarization produced. 


The decay of polarization with titre was studied by plotting the dependence of optical density on the 
time elapsing from the moment of completion of polarization. The results confirm the deduction previously 


made [1, 3] that the persistence of polarization in single crystals is much less than the persistence of polarization 
in a polycrystalline specimen. 
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Similar results were obtained for anthracene plates 
cut perpendicularly to the b axis. 


85 
It must be assumed that the sensitome tric method 
2> 980 as employed by us, in view of its clarity and simplicity, 
4 can be used in studying the photoelectret state. The 
Cg ; virtue of the method is not merely that it provides a quali- 
3 070 tative notion of the variation of photoelectret polarization 
Z , - with time, but that the field distribution on the surface of 
ooe, a polar texture is obtained directly by its means. This 
260 method serves as additional evidence of the local character 
iat Orie h ta ae oad of the polarization produced in a photoelectret and 
Ne ads provides a visible representation of the distribution of this 
Fig. 3. Dependence of optical density of the polarization. The possibility of applying the well-developed 
developed portion of a photoelectret on the methods of sensitometric measurements to the study of 
time elapsing from the moment of completion photoelectrets is also important. 


of polarization. 
We also consider that electrophotography on photo- 


electrets, as proposed in the present article, is of practical 
interest as being analogous to magnetic recording. This once more confirms the fruitfulness of approaching the 
phenomena of polarization in photoconductivity from the viewpoint of the investigation of the electret state, 
as was first pointed out by G. Nadzhakov. 


Iu. N. Martyshev and A. I. Delova assisted in carrying out this work, 


The author expresses his sincere gratitude to Academician A. V. Shubnikov and I. S. Zheludev for their 
guidance in the present work, and also to L. M, Beliaev for kindly letting us have single crystals of anthracene. 
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PLASTIC DEFORMATION OF CRYSTALS CAUSED 
BY ROTATION OF THE LATTICE WITHOUT 
FORMATION OF GLIDE LINES 


M. V. Klassen-Nekliudova and A, A. Urusovskaia 


Evidence is presented that dislocation layers may be produced 
by rotation of crystal lattice without formation of glide lines. 


According to the modern concepts, plastic deformation of crystal takes place by gliding. The prevailing 
opinion is that the other type of residual deformation, twinning (classical), changes the form of a crystal consider- 
ably less and that its role is subordinate. A different point of view was advances in 1935 by Brilliantov and 
Obreimov [1, 2]. Their investigations showed that during compression of a rock salt crystal reorientations of 
large regions occur within the crystal as in mechanically induced twinning. However, in contradistinction to 
classical twinning, these regions do not form contact with the initial crystal along rational crystallographic 
surfaces; moreover, the angle through which these regions are turned is not constant [1-4]. N. A. Brilliantov 
and I. V. Obreimov named this phenomenon "twinning on irrational faces." They pointed out [1] that the reality 
of deformation by gliding (according to Migge and Poliani this deformation is translation of a part of a crystal 
through a distance which is a multiple of the period of the lattice) needs to be confirmed experimentally. 


Klassen-Nekliudova [4], in studying the deformation of rock salt under elevated temperatures (400-600°C), 
observed the appearance of regions in which the lattice was turned relative to the original position through various 
angles (up to 38°), In her paper she suggested that the classical twins and twins on irrational faces are special 
cases of a more general phenomenon, asymmetrical reorientation of the lattice. 


Formation of large rotated regions in rock salt crystals under tension was observed by A. V. Stepanov [5]. 
These regions had the form of interlayers or plates. 


Deformation accompanied by appearance in interlayers with asymmetrically rotated lattice was called 
lamination by Stepanov. 


Asymmetrically reoriented regions in crystals had been described by Lehman [6] and Migge [7]. Mugge 
observed this phenomenon during deformation of a number of crystals and called it bends, breaks or dislocations 
(Knickungen). Figure 1 shows the formation of dislocations in calcite according to Miigge. ' He supposed that it 
may be explained by a complication of either gliding or twinning process. 


In the last 15 years metallurgists have shown much interest in dislocations which form during plastic de- 
formation of single crystals and crystal aggregates of metals, It is supposed that dislocations result from gliding 
accompanied by bending of the glide plane. 


We have investigated the conditions of formation of dislocations and their structure in transparent crystals 
of TIBr~Tl, CsI and CsBr, using optical and x-ray methods [8-10]. These investigations showed that the displaced 
layers consist of a series of wedge-shaped laminae rotated with respect to each other. The angle of rotation in the 
layer increases with the degree of deformation, The orientation of the lattice in the wedges relative to the origi- 
nal position, in general, does not correspond to the position of twinning (although in some displaced layers of CsI, 
Kolontsova and others [11] discovered that the mutually rotated lattices were in contact according to the law of 
irrational twinning). 
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Fig. 1. Bending of the regions 
adjacent to the ends of a cut 
prism of calcite under compression. 


Fig. 2, Laue photograph of an area with 
a dislocated layer of a specimen of T1Br- Tl. 


In all crystals of T1Br-TII, CsI and CsBr investigated by us up to now, signs of gliding were found which 
agree with the concepts of the foreign metallurgists (Orowan, Barrett, Hess, Gilman, Read and others). In order 
to check the hypotheses of Brilliantov and Obreimova [1, 2], and those of Stepanov [11] and Klassen-Nekliudova 
[4], we tried to separate the process of rotational deformation of the lattice from the process of gliding by the 
use of a motion picture camera [12]. However, because of the rapidity of dislocation we could not separate 
the process of rotation from that of gliding with a camera speed of 24 frames per second. If reorientation 
occurs as rapidly as twinning (10°4 sec.) high speed photography is necessary. This paper described experiments 
designed to distinguish reorientation of the lattice from gliding by using definitely oriented crystals. 


Irrational twins in rock salt crystals were obtained by Brilliantov and Obreimov by squeezing cleavage 
plates 5-10 times as broad and as long as they were thick in a press. Within the rotated regions of the plates 
more or less pronounced signs of gliding must always appear, for it is practically impossible to select an orien- 
tation of samplessuch that gliding would be excluded along all gliding directions (at room temperature the glide 
planes are } 110 t, glide lines— < 110 >). 


Unlike NaCl crystals, the crystals of CsI, CsBr, TIBr-T1I, having analogous glide surfaces $1104 , have 
glide directions < 100 >. If the crystals of cesium and thallium halides are compressed in the direction of cube 
edge [100], then no gliding can occur in the other two directions < 100>, which are normal to the axis of com- 
pression, If crystals of CsI and CsBr are compressed in the direction of gliding [100] dislocation bands form but 
always with glide lines within [12]. This is evidently due to a very low resistance of these crystals to gliding 
and possibly to the presence of an additional glide system. 


We succeeded in separating the two phenomena, rotation and gliding, by compressing samples of T1Br-T1I 
crystals of a definite orientation. Ten prisms from 4 by 4 to 2 by 3 mm in cross section and 20-25 mm high were 
subjected to compression. The main axis of the prisms was parallel to the direction of gliding (precision of 
orientation was from 30" to 1°); in some specimens the direction of gliding was at some angle to the principal 
axis but not in excess of 10°. The side surfaces of the prisms were carefully polished [9]. 


Before the experiment the specimens were heated to 280°C, The result of heating was checked by-examina- 
tion in polarized light. The specimens were compressed by means of a lever press, Especially good dislocated 
layers were obtained by using a common metal-working vise. The deformed specimens were carefully examined 
under a microscope in parallel polarized light. It was found that all ten specimens had regions with a rotated 
lattice and that within these regions, in spite of the considerable angle of rotation, glide lines were absent. In 
a previous article [10] a photograph was given of a part of one of these specimens (Fig. 6,c [10]). The rotation 
of the lattice in this specimen was discovered by means of percussion figures, The angle of rotation was so great 
that an octahedral plane of the dislocated layer came into coincidence with the dodecahedral plane of the unde- 
formed crystal. 


In order to find out whether this layer was not a twinning lamella (classical or irrational) the indices of the 
boundary between the original crystal and the rotated part were determined. This was done by taking a Laue 
photograph in the direction normal to the surface containing the boundary. This photograph is reproduced 
in Fig. 2. It shows two types of spots; round, corresponding to the undeformed part of the crystal, and elongated, 
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Fig. 3, Areas with dislocation layers produced by compression in three specimens of T1Br-TIl. 
Photographs a and b were taken in transmitted polarized light; photographs c and d, in trans- 
mitted plain light. 


Fig. 5. A specimen of T1Br-T1I 
showing 13% shortening produced 
by compression along [100]. 


Fig. 4, Photograph taken by reflected light of the 


surface of a T1Br-TII specimen in which percussion 
figures disclosed the formation of several rotated 
regions of different sizes, 
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corresponding to the dislocated layer. A few round spots are superimposed on the elongated ones, indicating coin~ 
cidence between some directions of the undeformed and the rotated lattices. After the photograph was indexed 
(in indexing of spots on a gnomonosterographic projection it was taken into consideration that the center of 
projection of the undeformed part of the crystal was the direction [110] and the center of projection of the rotated 
part was the direction (111), it was found that both parts had the direction [110] in common, which therefore 

was the axis of rotation. Besides this the following directions corresponding respectively to the original and the 
rotated parts of the crystal were found: [20.20.13] and [413], [73.1 -46] and [143], [316] and [133]. All of these 
directions lay in one plane with the index (241) with respect to the undeformed lattice and (17.17.10) with 
respect to the rotated part. This plane made an angle of 13° with the surface of the crystal plate and passed 
through the boundary of the displaced layer which could be observed directly. Differences in the indices of the 
boundary shows that it is not a symmetry plane of the lattices in contact. The dislocated layer in this specimen 
is not a twinning lamella. This type of deformation may be called an asymmetrical reorientation of the crystal 
lattice relative to the initial position, * 


Figure 3, a, b, c, d are photographs of the dislocated layers in a number of specimens of T1Br-TII taken 
in parallel polarized light. Specimens whose compression was stopped immediately upon the appearance of the 
first signs of dislocation layers are shown in Fig. 3, a and b, Such layers are still quite transparent and fractured 
only in some areas (mainly in the areas of the greatest deformation), The photographs show that there are no 
lines of gliding** either within or near the layer. In both cases the dislocation layers were formed by pure 
rotation of the lattice. With the aid of percussion figures the angles of rotation of these layers were determined. 
The layer shown in Fig. 3,a was rotated through about 21°, and that in Fig. 3,b, through about 15°. 


Figures 3,c and d are photographs of two areas corresponding to the ends of dislocation layers formed in a 
specimen of TIBr-TII under strong pressure directed exactly along [100]. Under such pressure, several adjacent 
dislocation layers were formed. The outlines of the deformed specimen are also seen in the photographs. The 
boundaries of the individual dislocation layers are indicated by arrows (1-1, 2-2, 3-3). Between the layers 
1—1 and 2~2 there is an undisturbed region, In the middle of this region dislocation 4 was formed. The layer 
2— 2 can be distinguished from layer 3—3 by the fracture in the edge of the specimen. In order to estimate the 
amount of rotation of the lattice, percussion figures were made by pricking the specimen with a needle. Figure 
3,c shows that the percussion figure have axes of two-fold symmetry (with a slight deviation), From the position 
of the longer axis of a percussion figure which is parallel to [110], it is possible tojudge the character of re- 
orientation of the lattice and even to estimate the angles of rotation, Thus, for example, the angle of 
rotation of the lattice in relation to the original orientation of the specimen (fixed by the uppermost percussion 
figure) is nearly 26°. The lattice of the undisturbed region 1—2, judging by the position of the percussion 
figures, is slightly turned with respect to the initial orientation. Measurement of the angle between the longer 
axes of the percussion figures and one of the sharp boundaries of the layer 1—1 shows that this boundary makes 
an angle of 7° with the original crystal and an angle of 9° with the region of the crystal adjacent to the dis- 
location layer, i.e., the boundary of the layer is not a plane of symmetry and the rotated regions do not always 
occupy twinning positions. None of the layers in this specimen shows signs of gliding. That they are absent 
can be seen from Fig. 3, taken in polarized light. Thus a detailed investigation of this specimen once more 
confirms the conclusion that the dislocation layers form as the result of rotational (reorientation) of the lattice 
under mechanical stress, 


So far as the size of the reoriented regions is concerned, they vary widely and may be several millimeters 
in width, 


We feared [9] that the appearance of such large monocrystalline reorientations in the crystals of T1Br-T1l 
was due to coalescence of smaller regions after the deformed specimens had been kept for a long time (i.e., to 
recrystallization at room temperature). Control experiments have shown that this is not so. A photograph 
taken by reflected light of a portion of a specimen with a broad dislocation layer in the middle (photographed 


* From this specimen we obtained a proof of possibility of determining the orientation of adjacent rotated 
regions not only by means of the Laue photographs but also by percussion figures. In further investigations of 


lattice rotation this method was used exclusively. 
** These lines are visible in polarized light because of local internal stresses, and in ordinary light because of 


loc al change in refractive index. 
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immediately after deformation) is shown in Fig. 4. Three percussion figures were made of this layer (1, 2, 4). 
The lower two figures (1, 2) were made on the undeformed part of the specimen and fix the orientation of the 
undeformed crystal. The plane of the drawing is near (100), a slight deviation of the specimen from (100) 

is indicated by the fact that only one branch of a cruciform percussion figure can be seen, The upper percussion 
figure, 3, is in the middle of the dislocation layer. The boundary of the layer is a little above percussion figure 
2, and does not show up well in the photograph (its position is indicated by a cross), Figure 3 shows two legs 

of the cross. This indicates that it was made in a region which had been rotated through a certain angle relative 
to the original crystal. Examination of this specimenin transmitted polarized light shows clearly that the depres~- 
sion made by the needle, the entire left quadrant of the figure and the lower part of its vertical leg lie in the 
monocrystalline region which was rotated as a whole in the process of deformation, The upper part of the 
vertical branch of figure 3 extends into the region of the specimen which consists of many narrow, long areas 
rotated through a small angle. The presence of these areas affected the relief of the surface of the upper part 
of percussion figure 3, This part of the figure is crossed by narrow stripes corresponding to the boundaries of the 
rotated regions of the specimen. Thus in deformation of crystals T1Br-TJI very large regions are reoriented and 
their size is not due to recrystallization. 


As has already been mentioned, in twinning the general deformation is very slight. We observed the 
shortening of a specimen of T1Br-T]I under compression along [100] by 10-15% (Fig. 5). In this case dislocation 
layers developed on both ends. No signs of gliding were discovered in the specimen by examination in polarized 
light, The regions of dislocation became nontransparent and acquired numerous cracks, This experiment shows 
that formation of dislocation layers may be accompanied by a considerable plastic deformation of a crystal. 
Whether the great shortening of the crystal was produced by mere rotationof the lattice and displacement of 
parts of the crystal along cracks which appeared along the boundaries of the rotated region is hard to say at 
present, In such a great deformation the possibility is not excluded of a secondary gliding in the areas into 
which the layer is broken. 


SUMMARY 


1. It has been shown that dislocation layers form as the result of reorientation of regions within the 
crystal lattice under mechanical stress. If the crystal is so oriented as to exclude plastic deformation by 
gliding, this reorientation may occur without the formation of glide lines, but entirely by rotation of the lattice. 


2. It has been confirmed that the dislocation layers consist of a series of regions rotated through various 
angles. The surface of separation between adjacent rotated regions may have asymmetrical position with respect 
to the lattices of these regions. 


3. It has been shown that the formation of dislocation layers in case of compression may cause a consider- 
able plastic deformation of the crystal (up to 10-15%), 
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PROPAGATION OF ELASTIC SHEAR WAVES IN A 
CRYSTAL BENT AROUND A SPECIFIC DIREC TION 


K. S. Aleksandrov 


The case is considered of the propagation of elastic shear waves 
in an anisotropic medium subjected to torsional deformation around a 
direction along which purely shear waves could be propagated prior to 
deformation, 


It is shown that the phenomenon of the rotation of the polarization 
plane of the elastic shear wave, previously found experimentally, is a 
special case of the phenomenon of the elliptical double refraction of 
elastic shear waves in a medium possessing linear and circular double 
refraction. 


As stated in a previous communication [1], the oscillation plane of an elastic shear wave propagated in 
a sodium chloride crystal in the [110] direction, which is the axis of twist of the specimen, is rotated through an 
angle approximately equal to the angle of twist of the specimen, and in the direction in which the deformation 
has been effected. We called this phenomenon, in analogy to optics, the rotation of the plane of polarization 
of elastic shear waves, The same. paper (1] emphasized the analogy between the discovered phenomenon and the 
phenomenon of the rotation of the plane of polarization in liquid nematic crystals. 


The object of the present paper is to solve the equation for the propagation of elastic waves along a 
specific direction in an anisotropic medium, subjected to torsional deformation around the direction of propaga- 
tion of the waves, and to establish a quantitative analogy of the rotation of the plane of polarization of the 
elastic shear waves with another optical phenomenon, i.e., the rotation of the plane of polarization of light in 
stressed specimens (this theory has recently been developed in papers on photoelasticity [4, 5]). It is assumed 
that, as a first approximation, in the plastic torsional deformation of a crystal, its cross sections merely rotate 
relatively to each other and do not undergo any other deformation. 


The specific direction of propagation of elastic waves in a crystal is characterized by the fact that all three 
waves (compressional wave and the two shear waves) are pure waves. In other words, the directions of displace- 
ment of the particles in the shear waves under consideration are perpendicular to the direction of propagation, 
The directions of displacement of particles in shear waves, propagated along a specific direction, are defined 
crystallographically [2]. 


The equations of motion of the elastic medium in the one-dimensional case have the form 

area OM? i,k a 1,2,3 (1) 
, . . ° . . : 

where ti,» Xj, Uj, are, respectively, the stress, coordinate and displacement at the given point and p is the 


density of the medium, 


We select a system of coordinates such that the X' axis coincides with a specific direction in the crystal, 
and the Y' and Z' axes coincide with the mutually perpendicular directions of displacement in shear waves 
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propagated along X'. The origin of the coordinates is situated on the surface of the crystal. Assume the crystal 
to be twisted around the X' axis according to the law 


(2) 


where A is a constant and g is the angle through which a cross section situated at a distance x' from the origin 
is rotated with respect to the zero cross section. 


A solution of an analogous problem was given in papers [4, 5]. As shown in [5], a monochromatic, linearly 
polarized light beam, passing through a medium possessing linear and circular double refraction, emerges from 
the specimen elliptically polarized, The character of the polarization of the transmitted light (ratio of the axes 
of the ellipse) depends upon the ratio of the intensities of the linear and circular double refraction. It will be 
shown below that in certain conditions elastic waves behave in a similar manner. 


We select a moving system of coordinates (X, Y, Z) with the same origin, such that X | X', and in each 
cross section the directions of the Y and Z axes coincide with the permitted directions of displacement in the 
shear waves, while for x = x' = 0, the Y axis is parallel to the Y' axis. Then, for any cross section of the crystal, 
the relationships 


« (OU 
y 
txy = Cos (=H + AU:) 


ou (3) 
xz = Cos ( ves ze AU) , 


* . . 
are valid. In these expressions Ceg and Css are the effective elastic shear moduli for the given direction X, con- 
nected with the principal moduli cj, by known relationships [3]. 


Equations (1) are written in a stationary coordinate system. In order to transfer them to the moving system, 
X, Y, Z, we use the transform equations 


fp aS Loilgntyg (4) 
U;, = lets, cS) 


where l yj, lok and Jj, are the cosines of the angles between the old and new axes, In the case under consideration, 
Equations (4, 5) are written in the form 


, 


txy = txy cos 9 (x) — ty, sin 9 (x), (4°) 


i 


tyr = tyy Sin 9 (x) + ty, CoS 9 (x), 


Ue = U, coso (x) —U;,sin 9 (2), 


(5") 
U; = U,sin o (x) + U,cos¢ (2). 


We now substitute (3, 4’, 5") in (1) and shall seek the solution in the form of the monochromatic wave 


Uy, 2(t, t) =Uy, (x) ei". (6) 


Then taking into account Condition (2), we get 


*U dU dU, 
uv Zz ; 2 . 
al qqx cos Az — A zz cos Ar — A a sin Az + A*°U,sin An) =. 
aU, dU 
+ U,cos Ax — Gigne sin Ar + A—" sin Az + 


dU 


~ cos Ax — A2U, cos Ax) — U,sin Ax = 0, 


7A dz 
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2u dU dU ) 
Vos aie, We oer <ReU Aad) 
B ee sin Az — A a7 Sin Ax+A Fz 008 Ax — A®?U cos Ax } + 


eat au, 
+ U,sin Az -+C 7qa 008 Axz-+A jg €08 Ax — 


que, : 
— A—— sin Ax — A*U sin Ac) +U,cos Az = 0, 
where f F 
eae és wee 
B a ‘pa? ’ C ad pw? . 


It is thus necessary to solve a systemof differential equations with variable coefficients, written in the 
moving system of coordinates X, Y, Z. To eliminate the variable coefficients, we multiply the first equations 
on system (7) by sin Ax and the second by cos Ax and subtract one equation from the other. 


We get 


aU dU, 


Similarly, we get a second equation 


dU dU : 
(1— A*B)U, + C > +A(B+C)—4 =0. (8°) 

We seek a solution of the system of Equations (8) and (8°) in the form 
Uy, 2(%) = Uy, 2e™*. (9) 


Then, after transformations, the Systems (8) and (8°) assume the form 


2 Ky | ry 
ky — i ~ AP—* 0, — jkA (14+ —1) 0, = 0, 


is i (10) 
jkA (14 i gy ( eset = Vitel: 


where ky and k, are the wave numbers of the shear waves propagated in the undeformed crystal. 
' 


A condition for the existence of nonzero solutions of Equation (10) gives a biquadratic equation for the 
determination of k 


kt — (M2 2 + 2A) A? + [A242 — AB (A2 +h) + AA] = 0. a 


The solutions of Equation (11) may be written in the form 


he = (2 + AB + DAY) + [(h2 — ha)? 4 8A (2 + hayp Hy, set 


The further solution of the problem and the assessment of the results obtained are carried out as in the 
case discussed in [5]. For given values of the double refraction of the crystal (ki, -K) and specific rotation A, 
the value of k must be determined from (12) and then the ratio between the displacement components from (10). 
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As will be seen from (10), for any value of k different from k, and k,, the waves propagated in the crystal will 
be elliptically polarized. The ratio of the semi-axes of the ellipse in each wave is determined by the wave- 
length, the double refraction of the crystal and the specific rotation, 


We shall estimate the quantities involved in Formulas (10) and (12) for the case of the propagation of shear 
waves of frequency 1.67 Mc/sec in the [110] direction of a sodium chloride crystal, twisted through 90° 
around [110], for a crystal length of 100 mmf[1]}. The velocity of the shear waves propagated along [110] is deter- 
mined by the moduli 


* 
Cog = Caa and Cog = (c, — Cy9)/2. 


In Equation (12),(K)-k2) >> BA’(K, + Kk), and its approximate solution has the form 


Ke 
A 1437 
ow 4 ey. y ; 
Ke eK 
(13) 
k2 
2 143 a 
: x 
epee Wis er: Lea 
es $ 
ke ka k? 


The second term in the right-hand part of each equation is equal to ~1 Ome: and consequently the speeds of pro- 
pagation of the elastic waves in the deformed crystal differ from the speeds in the undeformed crystal by an 
amount much less than the sensitivity of the speed determination. For A = 0, ky corresponds to a wave with a 
displacement along Y and ky to a wave with displacement along Z, Substituting k, and kp, from (13) in (10), 

we get the ratio of the axes of the two elliptically polarized waves 


for k, *ky, Uy/U, = 30, 


y’ 
for kg * kz, Uz / Uy & 80. 


Thus, for the propagation of elastic waves along specific directions possessing considerable double refraction 
in comparison with the specific rotation, there is practically complete entrainment of the polarization plane of 
the elastic wave in consequence of the rotation of the permitted directions of displacement, as has also been 
found experimentally [1]. From the variation in the ratio between the magnitude of the linear double refraction 
K* ke and the magnitude of the circular double refraction (specific rotation of the axes), for example on 
varying the frequency of the elastic wave, it is possible to produce an elastic wave of any polarization: from 
practically linear polarization, as in the case considered, to circular polarization in the case of low frequencies. 


We shall now consider those specific directions in which there is no double refraction, i.e., ky = kz = ko. 


From Equation (12) we get 


he = h2 + AP + Dh A. se 


In the absence of torsional deformation (for A = 0), Equations (10) identically become zero. For AA << 1, 
Equations (10) give a solution in the form of two circularly polarized waves propagated at the same speed. Thus, 
for the propagation of an elastic wave along a specific direction without double refraction, there is no rotation 
of the polarization plane of the elastic wave. This conclusion is also in agreement with the experimental results 


[1]. 

The phenomenon of the elliptical double refraction of elastic waves, as this discussion shows, is produced 
in the propagation of elastic waves along specific directions in crystals, The case of the propagation of an 
elastic wave along an arbitrary direction in an anisotropic medium subjected to torsional deformation around that 
axis is mathematically more complex. 
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PHASE TRANSITIONS AND CRITICAL PHENOMENA 
IN ANISOTROPIC PHASES 


V.K. Semenchenko 


The possibility of application of the general principles of 
thermodynamic theory of critical and supracritical transitions to 
anisotropic media is discussed. The possibility of a new type of 
transitions with abrupt changes in thermodynamic coordinates 
(entropy, deformation, magnetic and electric induction) in only 
some of the components of a given tensor is considered, Experi- 
mental material shows that in anisotropic media (quartz) transi- 
tions of supracritical and even critical type are possible. 


The possibility of critical transition from crystal or liquid to a saturated vapor has been discussed many 
times [1-5]. Most investigators considered these transitions impossible [2, 3], but a few inclined to the opposite 
point of view [4, 5]. The possibility of critical transition of a crystal from one crystal system to another, so far 
as we know, has never been discussed. This paper reviews the thermodynamic theory of polymorphic transitions, 
the possibility of critical and supracritical transitions of this type, and also the experimental data which con- 
firm their existence. The existence of such transitions points also to the probability of critical transitions be- 
tween anisotropic and fluid phases since, because of the increased amplitude of vibration of atoms in the lat- 
tices, the difference in their positions in two anisotropic phases which can continuously change one into the 
other is hardly greater than in an anisotropic and a fluid phase at sufficiently high temperatures and pressures. 


1. On Re gions of Existence and Coexistence of Phases. 


Experimental and theoretical study of phase transitions near the critical point made it necessary to 
change somewhat the traditional concepts of phase transitions and of phases themselves [6, 7]. We believe that 
for every pair of conjugate phases there are two regions, one in which the phases can both exist and coexist and 
the other in which the phases can exist but not coexist. For some substances (for example for most complex 
molecular compounds), only the second region exists; forsome high pressure crystal modifications, the region 
of coexistence‘of the crystal-vapor phases is not realized. In the region of coexistence of two phases, the 
field of each phase is bounded on any of the Xj —x; diagrams by the curve of stability limit (spinodal), The 
spinodal is the geometric locus of the extremes of the generalized forces Xj, for instance pressure on the p-V 
diagram, and is defined by the equation 


ee =X, (1) 


where X; may be temperature (T), pressure (p), chemical potential(y), and intensity of electric (E) or magnetic 
(H) field, and x; may be entropy (S), volume (V), number of molecules or moles (N), and electrostatic (D) or 
magnetic (B) induction. 


Within the field bounded by the spinodal the phase is unstable and cannot exist. The presence of a region 
of instability is related to the form of the isotherms on the p-V diagram or analogous lines on other Xj —xj 
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diagrams (for example, isobars on the T-S diagram) which, as was shown long ago by Thompson [8], must ieee 
sarily pass through a maximum and a minimum which coincide in the critical point. The presence of a region 
of instability causes every phase transition between two coexisting phases to be accompanied by finite changes 
in all thermodynamic coordinates x; and requires the expenditure of work X; Axj. 


High temper- 
ature phase 


Low temper- 
ature phase 


} Spinodal 


Critical 
isotherm 


fat instability ee ion 
YH; sotherm 
L V, V 
. = : 0 

ad Se ae el Fig. 2. Diagram <P \ —v in the supracritical 
1-1) Direction of isochore transformation in the OV, T 
region of existence of the low temperature phase. region. 
2-2) Direction of isochore transformation in the Vi — critical volume. 


region of the high temperature phase. 


However, it is easily seen that in isochore transformation on the p-V diagram (Fig. 1) from the region of 
stability of the liquid phase (or any other low temperature phase) into the region of high pressures and temnper- 
atures, the substance does not anywhere experience abrupt changes of properties, and therefore there is no reason 
to speak of its transition into another phase. The same can be said of the isochore transformation of the high 
temperature phase into the low temperature region, However, the transition in the supracritical region from a 
point corresponding tothe low temperature phase on axis V to the point on the same axis corresponding to the 
high temperature phase will be accompanied by sharper changes in the properties of the substance and besides, 


as is shown by experiments, by the passage of all coefficients of stability a x. through extreme values. 
This will be called the supracritical transition. ast 

The supracritical region differs from the infracritical region in that in it the substance is stable, i.e., 
od is < 0 everywhere, However, there is within it an area of lowered stability along whose boundaries the 


0X 
coefficients of stability ae pass through the extreme values just as inthe infracritical region the general- 
Xe 


ized forces Xj pass through extrene values on the boundaries of the region of instability. The boundaries of 
this region of lowered stability are determined by a curve, which we shall call quasi-spinodal and which is 
defined by the equation 


(sat), = (0 where (Sx, +0. (2) 


In the infracritical region the coexistence of the phases depends on the presence between them on the 
diagram of a region of complete instability separating the two phases. In the supracritical region the latter does 
not exist; there is only the area of lowered stability bounded by the quasi-spinodal (Fig. 2). In passing through 
it, stability decreases rapidly and then increases again. It does not follow from this, however, that within it the 
phases can exist in the state of the usual thermodynamic equilibrium. The properties of the phases are deter- 
mined by the values of the thermodynamic coordinates x; = S, V, N, and if these are equal the phases are 
macroscopically homogeneous and indistinguishable from each other, 
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Infracritical equilibrium is related to the existence of a surface of separation between the phases on 
which all thermodynamic coordinates x; vary abruptly. This surface is of finite thickness and work must be 
expended for its formation which equals ow where w is the area of the surface and 9 is surface tension. 


In the supracritical region all xj vary continuously, and for this reason the transition from one phase to 
the other is continuous also and occurs within a finite range of temperature, pressure, and other generalized 
forces Xj. The surface of separation and surface tension depend on the presence of finite differences in the values 
of the generalized coordinates x;, but since these change continuously they cannot come into existence. 


Statistical mechanics makes it possible to understand the supracritical transitions and their characteristics, 


0X; : ye 
It can be shown that{>"-—]_ , the coefficients of stability, are always inversely proportional to the fluctuations. 
i IX: 
J 


For example, the coefficient of thermal stability a8 is inversely proportional to the fluctuations of energy, 


3 ceed Chie 
and the coefficient of concentration eae | is inversely proportional to the concentration fluctua- 
i} T,p 


i 
tions, i.e., 
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On the binodal all coefficients of stability are finite and greater than zero, both phases are stable, the 
energy received by the system is expended in changing one phase into the other, and therefore during the process 
of transition all generalized forces Xj have constant values, As the critical point is approached the values of 
the coefficients of stability decrease, the width of the region of instability decreases and the fluctuations which 
are inversely proportional to the coefficients increase. The work of the phase transition X; Ax; decreases with 
the decreasing width of the region of instability. Let us consider the heat of transition Q, Near the critical 
point it will decrease as the difference of entropies of the phases S"—S' = AS, while the energy of fluctuations, 


VAe@= Vv kT?c, will increase. When the latter has the same sign as the heat of transition, nuclei of the other 
phase will come into existence and therefore the phase transition will occur partly at the expense of the energy 
of the system itself, 


It is necessary to distinguish the fluctuational nuclei of the phase from the equilibrium nuclei. The dif- 
ference between them becomes clear if the significance of the thickness of the surface layer 6 of the nucleus 
is considered. There may exist within the nucleus a region possessing the properties of the macrophase only if 
its size exceeds 26 (in the case of a drop). For a crystal nucleus the thickness of the surface layer is different 
for different faces and for this reason the dimensions of the critical nucleus will also differ in different directions. 
With approach to the critical point the thickness of the surface layer grows, approaching infinity at the critical 
point, and formation of equilibrium nuclei becomes impossible. However, the nonequilibrium nuclei appear 
continuously and are destroyed, and because of their considerable size, which is due to the great thickness of 
the surface layer, the duration of their existence also increases. This formation of nonequilibrium (macro- 
scopically) nuclei continues beyond the critical point. There exists here, the external forces Xj being constant, 
an equilibrium between the nuclei formed and those destroyed. Since these nuclei are not phases (in the usual 
sense of the word), we shall call such systems microheterogeneous. The development of microheterogeneity is 
one of the most characteristic features of the critical and near-critical states; outwardly it is manifested first 
of all in critical opalescence. 


In the supracritical region the system is in a microheterogeneous state, but to the left of the quasi- 
spinodal, nuclei of the low temperature phase prevail. Here a more intensive development of fluctuations 
ad ty LNA 
a VO pe 
reach their maximum values. Then the fluctuations and microheterogeneity decrease and the system reaches 
maximum stability and the purest (so far as the presence of nuclei of the other phase is concerned) composi- 
tion. Therefore, supracritical transitions occur in a certain range of the generalized forces (temperature, 
pressure, etc.) and consist in a continuous change in the number of nuclei of both phases. When quasi-phases 


occurs, microheterogeneity increases, and the values proportional to the fluctuations €,Gtcy, 
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differ in certain properties (for example, have different refractive indices) the presence of microheterogeneity 
can be easily discovered experimentally (see below, Fig. 3). 


From the thermodynamic point of view supracritical transitions will be manifested by the passage of all 
derivatives of the generalized forces through the extremes along the corresponding coordinates. Let us enume- 


rate the most important of these: 


(55) meds & (3 
OS/p ~ Cy,’ \V jr’ \Op/r ’ (4) 
00; 
the derivatives of deformational stresses ae (or their reciprocals) 
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> 
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(€;), dielectric and py ;,, magnetic permeability). Besides this in transition from the region of decreased stabi- 
lity the crystalline structure must change continuously. 
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Classical thermodynamics developed largely from investigations of fluid phases and therefore the possi- 
bility of vectorial phase transitions is completely foreign to it, Investigation of phase transitions between two 
crystalline phases indicates the possibility of other types. Let us consider two monocrystals of different crystal 
systems existing at different temperatures and stresses. Let us assume further that T and Oj, change in such a 
way that for certain values of these variables not all rj, in each crystal become equal. Since T and 0,, are 
equal, the crystals are in thermodynamic equilibrium. All of their thermodynamic coordinates are also equal with 
the exception of S andsome rj. The spinodals therefore exist only on the T-S diagrams and on some 0,, -1j,, dia- 
grams, and also, of course, on the Ej —Dj diagrams if the substance is a dielectric and on H; —B; diagram if it is 
magnetic. During phase transition the properties of the crystal will change only for some components of defor- 
mation, and dielectric and magnetic permeability; for this reason this type of transition may be called tensorial. 
If by an appropriate change of external forces it is possible to effect a continuous transition of two such phases, 
we shall have a critical tensorial transition if it occurs at fixed values of the generalized forces, or supracritical 
if it occurs in a certain range of the generalized forces, 


Sa Ae Review of Experimental Material 


The above discussion shows the possibility of phase transitions of a new type. Experimental data pertain- 
ing to the w-8 transition in quartz and the transition from the tetragonal to the cubic modification of BaTiO, 
confirm the possibility of tensorial phase transitions and at the same time of tensorial transitions of the critical 
type. Let us consider the a~-g transition in quartz, which has been studied in detail by the Soviet investigators, 
As far back as 1933, Jay [9] studied thermal expansion of quartz by means of x-rays and came to the conclusion 
that the a-g transition occurs without volume change but that the direction of the curve V—T at the inversion 

F : ia : a ov 
point changes abruptly, i.e., the transition is accompanied by a finite change in the derivative OT - Jay's 
Pp 
results are given in Fig, 3, which shows that his measurements were made at such large temperature intervals 


OT 
In our opinion this change may be either a jump or a very sharp maximum. Strelkov, Kosourov and Samoiloy 
[10] measured thermal expansion of quartz in the interval between 20 and 925° by means of a very sensitive 
quartz dilatometer constructed by P. G, Strelkov. The results of this work [10] are shown in Figs, 4 and 5. The 
curves of relative elongation parallel and normal to the axis (Fig. 4) show breaks at the point of transition 


ie! ol 
that no definite conclusions can be made concerning the character of change of {— near transition point, 
P 


* This term was suggested by V. A. Koptsik, 
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Curve 1) Along optic axis, 2) normal to it. 


Fig. 3. Relative elongation of quartz Al /1 
with temperature referred to its dimensions 
at 18°C (9}. 

Curve 1) Along optic axis, 2) normal to 
optic axis. 
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Temperature, °C 
analogous to that noted by Jay, whose data [9] agree with 
those of the Soviet authors [10]. The variation of the coef- 
Fig. 5. Change of coefficient of expansion ficient of expansion with temperature (Fig. 5) shows what 
of a-quartz in the region of a-f transition the authors call a break but what may equally well be 
[10]. regarded as a sharp maximum. The agreement of the 
Horizontal bars give temperature intervals results of [9] and [10] obtained by entirely different 
in which measurements were made, methods indicates their correctness, 


Specific heat of quartz was determined by Sinel'nikov [11] in a vacuum calorimeter in the interval from 
30 to 700°C. The results of this work near the transition point are shown in Fig. 6, Unfortunately no tabulations 
of values of Cp were given in [10] and [11] and it was impossible to calculate the entropy change ¢ /T, which 
has maxima in the critical and the pseudocritical points. For quartz, since its temperature of transition is high, 
the difference between curves for specific heat and entropy change should be small, although the actual value 
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of the former is approximately 1000 times the value of 

the latter, In spite of rather rough averaging (for some 

points near the maximum, as can be seen from Fig. 6, 

values of C, were determined at intervals of 2° and 

ay more), the maximum itself is clearly shown and is 
very sharp, 
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lakovlev, Mikheeva and Velichkina [12] have 


3 investigated the molecular scattering of light in quartz 
i in the interval from 15 to 600°C. Near the transition 
& : point measurements were made at 0.1° intervals. A 
= ; sharp increase in intensity of scattering was observed 
we 5 near the transition point; visually this does not differ 
. from critical opalescence, This effect was perfectly 
reproducible. Macroscopically quartz remained homo- 
J EST Cel ee ae eee SR geneous, The results of these observations are given in 
100 200 300 400 500 600 Fig. 7. 
Temperature, “C 
Very interesting results were obtained by Baranskii 
Fig. 7. Ratio of the intensity of scattering of [13], who studied the variation of the refractive index 
light at different temperatures to the intensi- of quartz near the transition point (both modifications 
ty of scattered light at 20°C IT/Igg° for quartz of quartz are doubly refracting), Here Baranskii ob- 
[12]. served four rays corresponding to four refractive indices. 
@) heating, O) cooling, x) repeated experiment. Up to the temperature of transition, the intensity of the 


rays corresponding to the low temperature modification 

was greater than that corresponding to the high temper- 
ature modification; above transition temperature the reverse was true. .In the immediate vicinity of the transi- 
tion point all rays were mixed, 


Thus the following phenomena are observed at the transition point of quartz: 1) intensive opalescence; 
2) passage of cp and, undoubtedly, of 2 through a sharp maximum; 3) passage of the coefficient of thermal 
expansion ot through a maximum. All these phenomena are characteristic for both critical and supra- 
critical transitions (in this case occurring near the critical point since for quartz all maxima have high values 
and sharpness). 


The evidence of existence of both phases with macroscopic homogeneity (absence of surfaces of separa- 

tion), discovered by K. N. Baranskii is the first experimental confirmation of our concept of microheterogeneity. 
c dV ol et 

T! Op" tr lor indicate a strong development 
of fluctuations in the given system and therefore the possibility of formation within it of regions with energy, 
density and other properties of the intermediate phase. These phenomena should appear also in the region of 
decreased stability bounded by quasi-spinodal where there exists a micro-equilibrium among the fluctuational 
nuclei of both phases which cannot, however, grow to the size of critical nuclei with clearly defined separation 
boundaries, Therefore, although the phase is macroscopically homogeneous, it is heterogeneous microscopic- 
ally. In the crystal nuclei of both phases there exist different degrees of anisotropy and their presence can be 
detected as was done by K. N. Baranskii. 


We based this concept on the fact that the maxima of 


We believe that the experimental evidence cited in this paper makes it possible to affirm that the a- g - 
transition in quartz is a critical or supracritical transition and that, therefore, continuous transitions are possible 
between two anisotropic phases which may be called critical or supracritical. 
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OBSERVATIONS ON LAYERED-SPIRAL GROW TH 
OF CRYSTALS FROM SOLUTIONS 


M. I. Kozlovskii 


Results of observations on layered-spiral naphthalene crystal 
growth in a kerosene solution are given in this paper. 


The problem of spiral growth was first presented in 1945 by G, G, Lemmlein in his report "Fine contour 
structure of a crystalline face” given at a meeting of the Mathematical-Physical Dept. of the Academy of 
Sciences USSRK[1]. During the past decade many theoretical and experimental papers have been devoted to the 
subject, most of them dealing with the spiral growth from a gaseous phase. 


The experimental studies of G.G.Lemmlein and E. D. Dukova are of particular interest. By means of 
cinemicrophotography they were able to study the kinetics of spiral growth of crystals from a gaseous phase and 
give a correct explanation for the formation of screw dislocations which are the centers of the spirals [2,3]. The 
theoretical studies of Frank [4], Burton and Cabrera [5] are also basically related to the growth of crystals in 
vapors. 


Marcelin was the first to note layered growth in 1914 when studying paratoluidine crystal growth in an 
alcohol solution [6]. Bann and Emmet [7] observed the 1600-4000 A thick layers during crystal growth from 
solution. However, they did not observe spiral growth. Forty [8] in a survey paper on dislocation in crystals 
mentions spiral protuberances of the growth when Cdl, crystals are grown in a solution. Spiral formations were 
observed by Shubnikov [9] in a study of the nature of diphenylamine crystallization; however, according to him 
they are associated not with dislocations but with cleavages in the crystal. Spiral crystal growth in solutions was 
likewise observed in crystals of paraffin, behenic acid, palmitic acid, alcohols and other long chain compounds, 


This paper gives the results of our observations, by means of cinemicrophotography, on the.spiral growth of 
crystals in solutions. 


We used naphthalene crystals in a kerosene solution. 


The apparatus we used was extremely simple (Fig. 1). It consisted of a small cylindrical chamber with a 
double hermetically sealed glass cover. The bottom of the chamber was also glass. The chamber had anelbow 
outlet in the shape of a flat tube. Through this tube the chamber was filled with solution, Also a thermocouple 
and a stirrer were introduced through this tube. The tube was closed with a cotton stopper. The chamber was 
placed on the heating table of the microscope. A thermostatic liquid, brought in from an ultrathermostat was 
circulating between the glass panes of the chamber lid. This made possible the regulation at will of the temper- 
ature of the upper glass in the chamber. The temperature of the microscope table was set at 3-4°C above the 
temperature of solution saturation, (In our experiments the solution saturation point was at 32.5°C..) 


The temperature of the upper glass of the camera was gradually lowered to 29-28°C. A vigorous growth 
of laminar naphthalene crystals then took place on the glass. As soon as the crystals began to grow, we increased 
the temperature of the glass until the growth ceased completely. After that, slightly increasing the temperature, 
we dissolved the basic portion of deposited crystals keeping only a few crystals for observation. When only 5-6 
crystals remained on the glass the dissolving was slowed down, and growth conditions resumed. 


We observed the growing crystals under polarized light with a phase contrast condensor. This made it 
possible to see the layers more distinctly and to determine their thickness qualitatively by the interference color. 
Observations were carried out on the (001) face of the crystal. 
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Fig. 1. Chamber diagram. 

1) Glass bottom, 2) double glass.lid, 
3) elbow tube, 4) heating table, 

5) thermocouple. 


Changing growth conditions, we were able to observe 
layers of different thickness starting with layers of several 
elementary lattice units (the naphthalene unit parameter’ 
along the c axis is equal to 8.658 A) giving off first order 
interference color from light grey up to and ending with layers 
giving off no color,i.e., thicker than 125 elementary units 
(h > 1000 A). We also observed the spiral growth of naphtha- 
lene crystals in solution, The formation and development of 
spirals on the (001) face are shown on a movie film (magni- 
fied 50 times). 


The experiments that we carried out confirmed once 
again the well known case that thin layers grow faster than 
thick layers under the very same conditions. This shows 
that in connection with crystal growth in solution one may 
speak of the existence of an adsorption layer and of surface 
diffusion, It has also been proved that with different degrees 
of supersaturation, layers of equal thickness move with a 
speed proportional to the supersaturation. Thus with high 


supersaturation, i.e., with large AT in the 3-4° range, growth of thin layers, with speed ranging from 50 to 10-15 
microns/sec are prevalent, These layers expand along a straight line front and show the property of anisotropic 
growth, i.e., the speed of their displacement depends on the direction, 


Fig. 2. Concentric layers spreading from one center on the surface of a naphthalene 
crystal grown in a kerosene solution, 30 x. (20 seconds elapsed between the photo - 


graphs a and b). 


Fig. 3. Growth spirals observed in the centers of concentric layers when supersaturation was 


decreased during the growth of naphthalene crystals in kerosene solution. 40 x, 
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However, if an obstacle in the shape of a step (screw dislocation) or some impurity* is encountered in the 
path of the rapidly spreading layer, then this obstacle forms a pseudocenter of crystal growth, from which layers 
begin to spread out in concentric rounded formations, These layers have practically no growth anisotropy; their 
form approaches a circle, Such layers, showing an obstacle in their centers, are shown in Fig. 2. 


G. G. Lammlein showed as far back as 1945 that a spiral must be present in the initial stages of growth in 
such concentric periodic layers [1]. Using this fact as a basis we decided to check experimentally whether or not 
a spiral was formed in such a pseudocenter. With this in view we rapidly increased the temperature of the upper 
glass in the chamber to 32°C, i.e., we decreased the supersaturation considerably. Under these conditions, 
almost without exception, a spiral was observed in the centers of such concentric formations (Fig. 3), Sometimes 
instead of one spiral two spirals of opposite sign were observed (Fig. 3,b). 


We interpret the formation of active centers in the same way 
as did Lemmlein and Dukova [3]. They describe the formation of-a 
screw dislocation as a result of the closing of the crack (external 
angle) between two branches of dendritic crystals, placed on dif- 
ferent levels one from the other. The height of the step thus 
formed must be a multiple of the elementary parameter of the cell. 
Simultaneously they assumed that any crystal, growing under condi- 
tions of high supersaturation, grows first in the shape of a skeletal 
or dendritic crystal, Therefore at the very start of the growth all 
of the prerequisites for the formation of steps are present. We 
observed in our experiments that with a rapid crystal growth, the 
layers grow in the shape of separate tongues when they are several 
elementary parameters thick (Fig. 4), Active centers are most 
often formed at the point of junction of two such tongues, Moreovey when the growth is rapid, the thin layers 
capture the smallest impurity particles, which become, we feel, possible active centers, ice., obstacles around 
which spirals:may grow, changing with greater superconcentrations into concentric periodic layers. 


Fig. 4, Schematic drawing of rapidly 
growing layers whose thickness is that 
of several elementary lattice units. 


When supersaturation was decreased we began to notice the formation of clearly defined spiral formations. 
With very low supersaturations (AT = 0,5-0,2°C) the growth of thick layers is generally predominant; their 
tangential speed depends mostly on supersaturation. 


Fig. 5. Spirals on the surface of naphthalene Fig. 6. Thin spiral layers, expanding on the 
crystals during growth in a weak supersatura- surface of a thick layer, 
ted kerosene solution. 30 x. 


Figure 5 shows the clearly seen spirals whose layer ish > 1000 A thick. These spirals were obtained on 
active centers when supersaturation was decreased. When we measured their tangential growth speeds we noted 


* Some foreign particle trapped during the growth of the crystal and which brought about a disruption of the 
lattice, 
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Fig. 7. Scheme of successive stages in the formation of a 
spiral when a straightline layer goes around an obstacle. 


A) Obstacle. Arrow indicates direction in which the layer 
is expanding. 


Dye 


Fig. 8. Scheme of successive stages in the formation of 
a spiral when a curvilinear layer encounters an obstacle. 
A) Obstacle, The arrow indicates the direction in which 
the layer is expanding. 


Fig. 9. Two spirals of opposite signs on a naphtha- 


_ : Fig. 10. Spirals which were formed on the 
lene crystal growing in a kerosene solution. 30 x. 


end of the straight line layer in naphthalene 
crystals grown in a kerosene solution, 30x. 


Fig. 11. Formation of a spiral when a circular layer was broken on encounter with an 
obstacle. 45 xX. 
a-c) Film frames. 
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Fig. 12. Formation of a spiral from two straight line layers, 45 x. a-f) Film frames. 


that speed of growth decreases almost to a complete cessation of the layer expansion when supersaturation is 
decreased. Thus with the same temperature and a gradual decrease of saturation the speed of layer expansion 
fell from 0.15 microns/sec to 0.08 microns/sec in 10 minutes, It is characteristic that the centers of the spirals 
in Fig. 5 are located on separate straight lines. This serves as still another proof that these centers were formed 
during a rapid straight line expansion of the layer during the period of rapid growth. However, along with a 
predominant growth of thick layers we often observed a simultaneous expansion of rapidly running thin spirals 
on the surface of the thick layer (Fig. 6). 


When we studied in detail separate film frames, we noticed that, as a rule, the spiral with the thick layer 
was formed when the expanding layer had to go around obstacles encountered in its path. In one of his papers 
G. G. Lammlein indicates that the phenomenon of going around an obstacle by the expanding layer may be 
interpreted analogously to the Huygens principle in the wave theory of light. He gives the following definition 
of the Huygens principle in the case of the expanding growth front: any point, encountered by the growth front 
may be considered as a potential pseudocenter of growth [10]. The centers around which spirals were formed 
in our experiments are apparently just such pseudocenters, 


We noted that the spirals made up of thick layers may be formed independently whether the front growth 
is linear or has a circular form, i.e., their formation does not depend on growth anisotropy of the layer. Figure 
7 shows a schematic representation of the spiral formation when a linear front encounters an active center (an 
obstacle), The growing front goes around the obstacle encountered and a spiral is formed around it, The linear 
front continues to advance in the same direction (up,in Fig. 7) and its edge, going around the obstacle, forms a 
protuberance, The impression is formed that the spiral is coiled as a result of the formation of new loops and 
their simultaneous expansion in a radial direction, The spiral thus formed is very much like the Archimedes 
spiral. 


Figure 8 shows the individual stages in the growth of a spiral froma circular expanding layer. The spirais 


formed may have two signs — left and right, It is usually considered that the sign of a spiral is associated with the 


sign of the defect present in the crystal lattice. We believe that the spiral sign also depends on the side from 
which the expanding front approaches the obstacle. However, this question must be more thoroughly studied. 
Figure 9 shows two spirals (left and right) on the same crystal. In Fig. 10 a spiral formed on the edge of a 
straight line front is clearly shown, The formation of the spiral of a circular front is also clearly shown in Figs. 
6 and 11. Figure 11 shows the different stages of spiral development from a circular layer. Figure 12 shows a 
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series of photographs showing the beginning of spiral formation from two straight line layers, expanding at an 
angle to each other, 


In order to observe the formation of spirals from circular layers we carried out the following experiments. 
The crystal was dissolved in a low undersaturated solution; during dissolving we observed a motion of the layers, 
and the direction of the layer motion when being dissolved was opposite to the direction of the motion of the 
same layer during crystal growth, After the crystal had been considerably dissolved and open holes appeared on 
its surface, the dissolving was stopped and the slow growth of the crystal was assured. Now we observed the 
formation of circular, radially expanding layers, When an active center was encountered the circular layers 
broke and coiled into a spiral. Sometimes a spiral was formed when two layers,on different levels, met. The 
difference in levels of such layers must be smaller than their thickness otherwise, they expand one above the other 
with no obstruction. 


SUMMARY 


1. Conditions have been found under which spiral growth of naphthalene crystals in a kerosene solution 
may be observed, 


2. It has been shown that the mechanism of spiral growth in a solution does not differ practically from the 
mechanism of spiral growth in a gaseous phase, 


3. It has been observed that a spiral may be formed from thick layers when the expanding front has to go 
around obstacles encountered in its path. . 


4, Qualitative data are given on the speeds of tangential growth of layers depending on the thickness 
of the layer and on the supersaturation, 
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CRYSTALLOGRAPHIC CRITERIA IN SELECTING FLUORSPAR 
FOR GROWING ARTIFICIAL CRYSTALS OF OPTICAL FLUORITE 


G. B. Bokii and O. G. Kozlova 


A study of impurities and inclusions in natural fluorspar proves 
the possibility of obtaining artificial optical fluorite from certain 
varieties of fluorspar. Morphological criteria for selection have been 
found. A number of fluorspar deposits are recommended as sources of 
raw material for artificial growing of optical fluorite crystals. 


Optical fluorite crystals possess a number of special optical physico-chemical, mechanical, and other 
properties which place them among the most valuable optical materials. Fluorite is used in optical instruments 
for work both in the visible and the invisible regions of the spectrum, inthe construction of achromatic systems, 
in making prisms for spectroscopic equipment, and for other purposes. 


In 1953 the problem of growing optical fluorite crystals was solved by the workers of the State Optical 
Institute,headed by Stepanov and Feofilov [1-2], and following this a search for suitable raw material became 
necessary, Utilization of shop waste of natural optical fluorite for this purpose is limited, It cannot satisfy the 
ever-growing demands of the optical industry, especially as production of optical fluorite is very small. 


The present work consisted in a study of impurities and inclusions in fluorspar which determine its dif- 
ferent technical (not optical) properties and also in finding means of removing these impurities, For this 
purpose it was necessary to select those deposits in the USSR in which the fluorspar is typical, has all of the 
various defects, and occurs in a sufficiently large quantity. 


Fluorite is a polygenetic mineral [3-4]. Large deposite are hydrothermal. Fluorspar deposits are found in 
different sedimentary and ingneous rocks, They are not restricted to rocks of a certain type or age. However, 
the character of the country rock has an effect on the process of ore deposition which in its turn influences the 
morphology of the ore body, its mineralogical composition and thus the technical properties of fluorspar. Silicate 
rocks have an entirely different effect from carbonate rocks. Genetically, fluorspar deposits are usually associated 
with granites. Morphologically, they may be classified as vein, bedded, or irregular deposits. Fluorspar is found 
associated with quartz, feldspar, barite, sulfides, carbonates, and less frequently with beryl, tourmaline, topaz, 
micas, cassiterite, etc. 


A characteristic feature is observed in the fluorspar deposite of the USSR. The deposits of Central Asia, 
Kazakhstan, Western Siberia, Eastern Transbaikalia and the region from the Amur River to Cape Chukotsk 
decrease. in age from southwest to northeast (from the Variscan epoch to the Cretaceous), 


Characteristics of mineralogy and paragenesis also change. The western fluorspar deposits are polymineralic 
and are associated with sulfur-bearing minerals. The deposits of Eastern Transbaikalia, on the other hand, are 
usually associated with different kinds of silica. 


The subjects of our investigations were the regions rich in fluorspar in Eastern Transbaikalia and Central 
Asia (together with Southern Kazakhstan). They differ in the character of deposits, 


Fluorspar from a number of deposits was examined in the field, studied in thin sections, and analyzed for 
rare earths by spectrographic and luminescence methods, After preliminary study part of the material was 
tested for its suitability as raw material for growing of artificial fluorite crystals, 
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The impurities in fluorspar are varied and have different effects on the optical properties of the crystals. 
Such elements as Si, Al, Fe are often called subordinate in the compound CaF,. They are present in thousandths, 
sometimes in hundredths,of one percent in high quality natural optical fluorites. The presence of Si and Al in 
fluorite is due to their close relationship with fluorine. The presence of Na, Cu, Sr, La, Y, and the rare earths 
is explained by their substitution for Ca ions in the structure of CaF. Such impurities, with the exception of 
some rare earths, do not affect the transparency of fluorite, The presence of heavy metals in fluorspar in almost 
all deposits is explained by its genesis, These impurities, if they cannot be extracted, often decrease the trans- 
parency of fluorite, As for other elements, they usually occur in a dispersed state. 


Comparison of spectrographic analyses of 67 samples of fluorspar from Transbaikalia and 56 samples from 
Central Asia shows a considerable difference in the content of Sr, Be, La, Cu, Pb,and Ba (Table 1). 


TABLE 1 
Element and its content in Num ber of samples from Trans- | Number of samples from 
fluorspar, % baikalia containing a given Central Asia containing 
element iven element 

or 0.7 37 

Be —0.01—0.001 45 

La —0.01 12 

Cu —0.001 15 

Pb —0.01, rarely —0.1 9) 

Ba —0.1 None 


This difference in the distribution of elements in fluorspar is explained by the difference in the origin of 
the fluorspars from Transbaikalia, and Central Asia and Kazakhstan, The presence of beryllium (about .001%) 
in fluorspar from most of the deposits and association with silica indicates possible replacement of silicon by 
beryllium ions. 


A special role in fluorspar as the raw material for growing artificial fluorite crystals is played by the rare 
earths, It was pointed out by Feofilov [1, 2] that in order to grow colorless and photochemically inert fluorite 
crystals an addition of rare earths to the raw material is necessary to the amount of .01% of the weight of the 

crystal, The trivalent ions of the rare earths, having 

strong electron affinity, decrease formation of color 
NG centers, P. P. Feofilov proved the F,-centered nature of the 
NI visible coloration of artificial fluorites. 


SJ 


S 


NS Tests show that some fluorspars are rich in the rare 
earths (Solonechnoe deposit and some others), The presence 
of absorption bands in the region 307 mp, 326 mp and 365 
my in the ionic spectra of some of the rare earths (Cce** 
Yb"*) makes crystals grown from material containing these 
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Fig. 1. Transparency of artificial fluorites from 44 localities was made by the luminescence method. 

grown from the fluorspar of the Solonechnoe The trivalent ions of the rare earths present in the fluorspar 

de posit. as isomorphous admixtures have well defined line spectra 

Thickness of plate No. = 39.5 mm, No. ott which are readily identified. Identification and semi- 

= 4,0 mm, dy Noras = 34, 5 mim, dno. ee = 4.0 mm, quantitative analysis of the rare earths in fluorspar were 

dno. 5 = 39.0 mm. done visually by comparison with standard spectrograms, 


The standards were obtained from artificial fluorite acti- 
vated by a single rare earth element of a definite concentration (~ 2° -107°%), The results of analyses showed that 
the variation in concentration of the rare earths is considerable — from zero to 5*107°% (within the limits of 
sensitivity of the method, which amounts to 1°10" 5019) [5]. 
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Fig. 2. Transparency of natural and artificial fluorites, 

No, 1 natural, d = 1 mm; 

No. 2 artificial (from fragments of optical fluorite), d = 1 mm; 

No, 3 artificial (from fluorspar of the Solonechnoe deposit), d = 4 mm; 

No. 4 artificial (from fluorspar of the Oktiabr'skaia Zhila deposit), d = 4 mm; 
No. 5 artificial (from fluorspar of the Taskainar II deposit), d = 4mm, 


The highest concentration of rare earths is found in hydrothermal fluorspar deposited near the source of 
hydrothermal solutions, In Transbaikalia the decrease in the rare earths content of fluorspar is noticeable with 
increasing distance from granite, the source of hot solutions, Fluorspar deposits in sedimentary rocks, carbonate 
rocks excepted, are poor in rare earths, Zonally colored fluorspars are often characterized by different concen- 
trations of the rare earths: green fluorite has the highest concentration; violet, the lowest. The optimum con- 
centration of the rare earths in fluorspar for growing of optical crystals of fluorite occurs in Kul'-i-Kolon, Taskainar 
and some other deposits. 


The impurities in fluorspar from the point of view of the necessity and possibility of their removal can be 
classed as:1. isomorphous substitutes for the calcium ion (these cannot and sometimes need not be removed); 2. 
impurities present in the fluorspar in dispersed state, silicates, sulfides and others (these cannot be removed); 3. 
admixtures of the eutectic type which crystallized simultaneously with fluorite ~— SiO), BaSQ,, etc, (impos- 
sible to remove) which are admissible in small concentrations; 4. mechanical inclusions of paragenetic minerals 
which are easily removed if they can be discovered, an exception being barite which is insoluble in acids. 


Tests were made on certain varieties of fluorspar from the Transbaikalian deposits (Solonechnoe, Kalangui, 
Abagaitui) and from four deposits in Central Asia and South Kazakhstan (Kul'-i-Kolon, Srednii Kaznok, Oktiabr'skaia 
Zhila, Chashly, Taskainar II), This fluorspar, often colored and varying from massive crystalline to columnar, 
contains admixtures varying in composition and mode of occurrence. 


The preparation of the raw material, crushing and cleaning of fluorspar, was performed according to the 
method devised by GOI. To prepare fluorite granules requires 40 to 50 hours. First the raw fluorite is subjected 
to quenching by alternate heating to 300-400°C and cooling in water. This insures fracturing of fluorite around 
inclusions (due to differences in coefficients of thermal expansion), Then it is crushed into granules less than 0.5 
mm in diameter, purified in hydrochloric and hydrofluoric acids, and dried. Some varieties require preli- 
minary surface cleaning, Rare earths were not introduced into the raw material. 


25 crystals of optical fluorite were grown from fluorspar of the Solonechnoe deposit. The best crystals 
(as good as natural crystals), so far as dispersion of light and transparency in the visible infrared regions are 
concemed, are crystals grown from fluorspar with good cleavage and mirror-like surfaces (Fig. 2). 


Crystals grown from columnar fluorspar of Kalangui were turbid and terminated with a porcelain-like 
substance, Columnar fluorspar contains impurities which cannot be removed because of the extreme smallness. 
of the particles. This necessitates grinding the ore into particles unresolvable by the microscope, an impossible 
and useless procedure in view of the hydrolysis of CaF. 


The crystals grown from Abagaitui material are opaque. Opacity of crystals grown from coarsely crystal- 
line fluorspar with distinct cleavages is due to the presence of quartz and barite intimately intergrown with the 
spats These impurities are also the cause of imperfect cleavage. 
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Fig. 3. Fluorspar from the Solonechnoe deposit with mirror-like cleavage 
surfaces. 


Fig. 4, Fluorspar from the Kul'-i-Kolon deposit. 


Tests were made on coarse-grained, poorly crystallized fluorspar from Kul’-i-Kolon, Its semi-opacity is 
due to the presence of gaseous, liquid and solid inclusions, the latter being mostly barite. These inclusions 
give the cleavage surfaces of fluorspar a wavy character. 


Crystals grown from this fluorspar are transparent but have a higher dispersion than those grown from the 
Solonechnoe material. ’ 

Crystals grown from fluorspar of the western and eastern quarries of Sredny Kaznok contain turbid "sacs" 
in the center. Lack of transparency is due to the intimate intergrowth of fluorite with barite. The fluorspar is 
cryptocrystalline to faintly columnar. 

Fluorspars from the Oktiabr’skaia Zhila and Chashly deposits are similar in quality. Well developed 


cleavage and vitreous luster indicate purity of the spar. All associated minerals are easily removed mecha> 
nically. Crystals grown from. these fluorspars have low dispersion and high transparency for almost the entire 


spectrum (Fig. 2). 
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Fig. 6. Fluorspar from Takob with hackly cleavage. 


Tests were made on white and violet fractured fluorspar with numerous veinlets of calcite and quartz from 
Taskainar, These features make the spar nontransparent. Perfect cleavage and mirror-like surfaces indicate 
purity, The crystals grown from it have much lower dispersion than those grown from the Kul'-i-Kolon material, 
Transparency for all parts of the spectrum is high (Fig. 2). In order to decrease dispersion of these crystals it is 
necessary to perfect the separationof fluorspar from quartz and calcite, 


Optical characteristics of the artificial crystals of fluorite were obtained from plates 4 mm in thickness 
polished on both sides, In the ultraviolet part of the spectrum between 125 and 170 my measurements were 
made on the spectrograph SP-41 with a vacuum monochromator and diffraction grating; for the region 170 to 250 
my, on SP-41 with a fluorite monochromator, Transparency for longer ultraviolet rays (250-390 my) of the same 
samples was measured on SF-4, They were also tested for transparency to infra-red raysuptoX ~11ly. Transparency 
and internal dispersion of the fluorite crystals in the visible spectrum were determined on the spectrophotometer of 
the GOI on polished cylindrical samples with dimensions of the order of ¢26 mm x 39 mm, 
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The limit of transparency to short wave ultraviolet light (160-165 mp) of fluorite crystals grown from 
fluorspar is close to that of natural fluorite (130-135 my.) and of artificial fluorite grown from fragments of 
optical fluorite (Fig. 2). Samples of artificial crystals from Taskainar do not yield to natural fluorites in trans- 
mission of ultraviolet rays in the range of 170 to 390 my. Crystals grown from fluorspar of the Solonechnoe and 
Oktiabr'skaia Zhila deposits have dense absorption bands in the 307 my region which have not yet been explained. 
These bands are observed also in the natural fluorspar of the Solonechnoe deposit. In the infrared region the 
artificial fluorite crystals have the same limit of transmission as the natural ones (~ 10 y), and differ favorably 
from the latter in lacking absorption bands of water (near 2.8 and 6.0 p). 


On the basis of analyses and tests the diagnostic features of fluorspar (for field selection)suitable as raw 
material for growing artificial crystals of optical fluorite are given below. 


The diagnostic features are morphological and mineralogical characteristics of fluorspar, structure and 
cleavage on one hand and admixture of other minerals on the other, Well crystallized fluorspar is generally 
usable. Depending on the development of cleavage, fluorspar can be classified as follows: first quality — 
cleavage perfect, mirror-like cleavage surfaces (Fig. 3); second quality — cleavage good, with soft luster on 
its surfaces (Fig. 4); third quality — cleavage good, with surfaces giving somewhat diffuse reflections. 


Unsuitable are fluorspars whose cleavage surfaces diffuse light strongly (Fig. 5), those with hackly cleavages 
(Fig. 6) and those without cleavage. If fluorspar has the desirable morphological characteristics it is suitable, 
provided barite is not present as inclusions and the ratio of inclusions to fluorite is not great. Otherwise the 
process of purification may prove to be uneconomical. The color of fluorspar and its intensity do not affect 
the quality of artificial crystals, At temperatures above 100°C color disappears. The evaluation of fluorspar 
must be continued in the laboratory with a microscopic examination in the immersion liquid np ~ 1.434 (in 
polarized light), Final conclusions are reached by investigation of optical properties of single crystals grown 
from the given raw material. Nevertheless, preliminary examination is essential in selecting fluorspar for 
growing of fluorite crystals transparent through the entire spectrum. Also this examination is sufficient in 
selecting fluorspar for growing of optical fluorite crystals transparent both in the visible and in the infrared 
regions of the spectrum. 


SUMMARY 


1. The possibility of obtaining artificial optical fluorite for certain types of fluorspar has been proved. 
The solution of this problem gives the USSR a practically unlimited source of this material. 


2. Diagnostic features of fluorspar (for selection in the field) suitable as raw material for growing arti- 
ficial optical fluorite crystals have been found, 


3. For growing fluorite crystals transparent both in the visible and in the infrared regions of the spectrum 
certain kinds of fluorspar from the Solonechnoe, Oktiabr'skaia Zhila and Taskajnar II deposits are usable. 


4, For growing fluorite crystals transparent in the ultraviolet part of the spectrum use may be made of 
the Taskainar II fluorspar. 


The authors express their sincere gratitude to N. V. Stepanov for his help in this work. 


it BRAasURE- CLI ED 


{1] I. V. Stepanov and P, P. Feofilov, "Two types of luminescence spectra of the rare earths in artificial 
crystals of fluorite," Doklady Akad. Nauk SSSR, 108, 615-618 (1956), 


[2] P. P. Feofilov, "Polarized luminescence of the F-centers in CaF,," Doklady Akad. Nauk SSSR 92, 
545-548 (1953). 


[3] V. I. Luchitskii, "Fluorspar in the USSR," Trans. VIMS*119 (1937). 

[4] N. A.Smolianinov, Fluorspar Deposits of Central Asia [in Russian] (1935). 

[5] O. G. Kozlova, "Rare earths in fluorspars of different deposits of the USSR," Geokhimiia 1957, 1. 
“*"All-Union Sci. Res. Inst. Mineral Raw Materials. 


M. V. Lomonosov State University of Moscow Received November 20, 1956 


157 


EDGE FORMS AND STRIATION ON CRYSTALS 


V. I. Mikheev and I, I. Shafranovskii 


All the simple edge forms for the lower and middle crystal 
systems are investigated. Possible types of striationson the crystal 
faces correspond to these forms. The importance of striae in 
studying the genesis of crystals is emphasized. The possibility 
of identifying crystals by theirstriations is indicated. 


In a course on crystallography by A.V. Shubnikov, published in 1923-1925 [1], a diagram was presented 
showing five different forms of striation on the faces of a cube. Later, this diagram was reproduced in a book 
by the same author [2]. The diagram in question illustrated the following proposition: "Each of the cubes 
represents a simple form, since its faces are equal to each other in every respect, but different cubes will differ 
from each other not only because they are striated differently but by their symmetry... We thus see that crystal- 
lography distinguishes five cubes, while geometry is concerned with only one cube." 


This proposition later became the starting point for the deduction of physically (crystallographically) dif- 
ferent simple forms of crystals [3] and their structural varieties [1]. The diagram showing the striae on different 
cubes subsequently became very widely used and appeared in elementary textbooks on crystallography. This, 
however, does not exhaust its importance. 


Shubnikov's diagram indicates the strictly systematic character of the striae, demanding careful mathema- 
tical treatment for all the simple crystallographic forms, taking the aspects of symmetry into account, Up to the 
present, the striae on crystal faces have mainly attracted the attention of mineralogists, being a valuable means 
of identifying minerals (Fig. 2). 


Mineralogical literature distinguishes the following forms of striation: 1) growth striation, revealing itself 
in the stepped character of the faces; 2) solution striation, caused by intense solution of crystals along cleavage 

cracks; 3) slip striation (deformation), due to the traces of 
slip planes; 4) twinning striation, corresponding to the traces 
of twinned intergrowth planes in polysynthetic twins; 5) induc- 
tion striation, produced in the simultaneous growth of two 
crystals. Growth striation, associated with the stratified 
growth of the faces, is in its turn subdivided into combination 
striation with alternating repetition of two or more crystal- 

és lographically rational faces, and vicinal zone. striation, 

GF / / associated with the alternating repetition of the vicinal 

Yj faces of one zone. 

From the crystallographic point of view, growth striae 
are of interest, because they by no means occur always, but 
only under certain conditions of crystal formation, Valuable 
mineralogical material illustrating this position was collected 
by Vernadskii [5]. According to his data, striae on pyrites 
cubes are observed on crystals of gangue and contact origin, but are absent on crystals occurring in sedimentary 
rocks; the vertical prismatic striation of topaz is absent on crystals of lythophysa; the well known horizontal 


Fig. 1. Possible forms of striation on the 
faces of five crystallographically different 
cubes, after A. V. Shubnikov. 
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Fig. 2, Characteristic striae on the faces of crystals of different minerals (quartz, 
diamond, corundum, pyrites, chalcopyrite, arsenopyrites) after E, K. Lazarenko. 
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striation of quartz on the 1010} faces is not observed at 
all on quartz from sedimentary rocks. We now know 
that it is also absent on crystals of synthetic quartz. 


According to V. I. Vernadskii, growth striation on 
mineral crystals depends upon the concentration of the 
solutions, according to which some crystals may be 
striated and others not. 


In addition, many cases are known where different 
forms of striation are observed on the same crystal faces. 
For example, on beryls (aquamarines), the prism faces 
have vertical striae, whereas on similar faces of color- 
Fig. 3, Oblique striation on prism faces of color- less beryl, oblique striae, parallel to the (1010) :(1121) 
less beryl. : edge, are observed, 


It is evident that beside genetic conditions, striation is determined primarily by purely geometrical causes, 
connected with the crystal structure (also including symmetry). It is necessary to emphasize the structural 
importance of striation. It may be recalled that a number of authors,in particular [8, 9],are now advancing the 
thesis of the influence of chains of strong bonds within the structure on the morphology of crystals. This influence 
reveals itself in the fact that there are three types of face: flat, stepped and kinked with a complicated structure 
(Fig. 4). It is evident that stepped faces must have a characteristic combination striation, 


Thus, a study of the striation on crystal faces also helps in elucidating the structure of crystals and in 
particular their genesis, 


A prerequisite to the study of any kind of striation is a sound knowledge of striation due to structure, i.e., 
combination striation. This striation can be derived mathematically on the basis of crystal symmetry. In this 
case, the striae are always parallel to the crystal edges, and the derivation of the possible forms of striation for 
specific crystals amounts to a derivation of the crystallographically identical straight lines on the crystal faces. 


Such a derivation may be found in part in two of our papers on the edge forms of crystals [10, 11]. We 
termed the combination of identical crystal edges, derived from the elements of symmetry, simple edge forms 
(in analogy to the commonly known face forms), The first paper gave the results of the derivation of eighteen 
simple edge forms of lower systems. In the second, fifty-four edge forms for tetragonal crystals were described, 
The derivation of edge forms for the trigonal and hexagonal systems is currently being completed, The papers 
cited gave the examples of crystals of minerals having differentially etched edges. 
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Fig. 4. Diagram showing the structure of the 
three types of faces: flat, stepped and kinked 


(8]. 
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Fig. 5, Stereographic projection of the 
elements of symmetry and the seven dif- 
ferent points for the trigonal-axial form 
of symmetry. 


Recently, Mokievskii and Shafranovskii [12] 
drew attention to the significance of edge forms in 
the classification of crystallographic skeletons, 


We would here emphasize the fact that simple 
edge forms and their combinations correspond to 
the possible types of striation on crystal faces. 

The complete derivation of such forms will at the 


same time be the derivation of all the possible types of combination striation, In order to provide some idea of 
the methods on which this derivation is based and of the symbols we employ to denote the edge forms, we shall 
discuss the derivation of the simple edge forms for the axial (trapezohedric) form of the trigonal system (L3 3Lg). 


Figure 5 shows part of the stereographic projection of the elements of symmetry of the given form and also 
seven different positions of the points corresponding to these elements: B, A, P, M, D, E, O. These points cor- 
respond to the gnomostereographic projections of the faces (B— pinacoid, A — trigonal prism, P — ditrigonal prism, 
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Fig. 6. Striae on the prismatic 
and dipyramid faces of quartz. 


M-hexagonal prism, D-— trigonal dipyramid, 
E — rhombohedron, O — trigonal trapezohedron). 
Through each of these points on the sphere, several 
straight lines (edges), having different orientations 
in space, can be drawn tangentially to the pro- 
jection sphere and consequently located in the 
planes of the above-mentioned faces (in the 
derivation, the point B disappears, since the 

edges derived for it from the given straight line 
intersect and lie in one plane). A simple edge 
form will be derived in each case, 


Having considered all the possible cases for 
the above-mentioned points and deleted the repeated 
forms, we find all the simple edge forms of the 
trigonal axial form of symmetry. These forms are 
denoted by special symbols (Table 1), 


In the general case we have assumed, the 
symbol for the simple edge form is 


RNKi (n). 


Here, R denotes the trigonal system; N the number of edges of the given form; K denotes the point of contact of 
the edge with the projection sphere (A, P, M, D, E, ©); 1 the spatial orientation of the edge (h — the edge is 


horizontal in the plane perpendicular to the principal axis of symmetry; v — the edge is in the vertical plane 
passing through the principal axis of symmetry; s — the edge lies in an oblique plane); n is the order number 


of the form with the given symbol. 


With the aid of Table 1 it is possible to determine and classify the striations on the faces of crystals of 


trigonal-trapezohedric form. 
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As example, we take the striation of quartz. Comparison of Fig. 6 with Table 1 shows that the horizontal 
striation on the prismatic faces relates to the simple edge form R6Dh(1), while the oblique striation on the faces 
of the trigonal dipyramid {1121 } corresponds to the form R6Es(2). 


The collation of the various types of striation for crystals of all systems and forms of symmetry, obtained 
as the result of mathematical deduction, will be of some practical interest. Comparison of the theoretical 
types of striation of such a collation with the actual striation of a crystal will in some cases enable the knowledge 
of its form of symmetry to be made more exact and will also reveal the structurally important directions in its 


structure, 


Furthermore, by making use of crystal striations, it ought to be possible to create a specific means of 
identifying ‘substances from crystal striations, analogous to the well-known criteria of Fedorow [13] and Boldyrev 
[14]. The angles formed by the striations with the crystal edges are specific constants for crystals of a definite 
substance and consequently may be used as basis for its identification. 


Of course, for identification purposes, special significance will attach to oblique striations (the letter s 
being their symbol). In addition, the straight striae of h and v type may be used in a number of cases, where 
these striae intersect oblique edges. It is clear that the crystal edges themselves will also have to be used for 
identification purposes. The simplest method of measuring plane angles between the striae and edges is to 
measure them by means of a microscope. 
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The identification of crystals by their striations will also serve as a means of elucidating the genetic 
characteristics of crystals. 


Due to their sensitivity to surrounding conditions, striations reflect the peculiarities of the circumstance in 
which crystallization took place. (We would recall the previously mentioned difference in the striae on the 
prismatic faces of beryl.) In this connection, the identification of crystals by their striations may constitute the 
answer to the proposition stated by A. V. Shubnikov [15]: "The subsequent progress (of crystallography) will 
be under the banner of the experimentally established proposition that the form of a crystal is a function not 
only of its structure, but also of the properties of the medium from which it is grown.” 
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DIVIDING MECHANISMS BASED ON THE CRYSTALLOGRAPHIC 
PRINCIPLE OF THE CLOSE PACKING OF GEOMETRICALLY 
IDENTICAL BODIES 


V.A. Shamburov 


A description is given of working coordinate dividing 
engines for making Shubnikov rasters, and a circular machine 
for dividing accurate circular scales, based on the crystallo- 
graphic principle of the close packing of geometrically 
identical bodies (balls), 


A principal component of most measuring instruments is the circular or linear graduated scale. Dividing 
engines are used for the production of accurate scales, The dividing mechanism of these engines produces the 
intermittent, constant-pitch linear or angular movement of the part, on the surface of which the divisions of 
the scale are marked by means of a suitable device during the pauses in movement. A large number of dividing 
mechanisms, based on very different principles, is known. The most accurate of these mechanisms comprise 
screw or worm devices, 


The idea of the principle proposed by the author for the construction of dividing mechanisms originated 
from the crystallographic concept of the periodic nature of crystal structure composed of identical elements: 
atoms, molecules, ions, which are "close-packed" in space according to the laws of symmetry. If we imagine 
a piece of a single crystal to be broken into two parts in such a way that the "surface" of fracture is parallel to 
one of the possible crystallographic planes, then on joining these parts together, we would again obtain an 
entire piece of single crystal, even if the parts were not joined in the original position, but in some other posi- 
tion, Such a position may be either progressively displaced along the transfer axes through whole numbers of 
corresponding periods, or rotated relatively to the axis of symmetry of the surface of fracture through a whole 
number of angular steps, or it may be displaced and rotated simultaneously. Intermediate positions will be 
unstable and a single crystal will not be obtained on joining the parts together. Analogously, it is possible to 
construct a large number of different two-part dividing mechanisms, the contacting elements of whose parts 
represent mechanical macro-models of the "surfaces" of rupture of the two above-mentioned parts of a single 
crystal, i.e., they consist of a layer of closely packed, geometrically identical elements, for example balls, 
rollers, plates, polygons, etc, These elements, in contact with each other and with a retaining ring or frame, 
form a rigidly connected system. When the two parts of the mechanism are brought into contact with each 
other, the projecting elements of one of the contacting sides will enter the gaps between the projecting 
elements of the opposite side. 


At the same time, the application of an external force pressing the two parts mechanically together 
ensures the location of their mutual position, acting in the same way as the interatomic bonding forces when 
the two parts of a single crystal are joined together in the above-mentioned stable positions. By successively 
displacing in some way or other the two parts of the mechanism relatively to each other and ensuring positive 
contact in each located position, it is possible to obtain a series of stepped displacements with intermediate 


pauses, 


From the practical point of view, the greatest interest is presented by two-part dividing mechanisms of 
this kind, in which the geometrically identical elements are steel] balls, such as those used in ball bearings, 
which can be manufactured commercially with deviations from the mean dimension of a batch not exceeding 
tenths or even hundredths of a micron, 


163 


SERS 
sR 


ISOSUSOSHSHSHSHSHsa 
Roonaan 
Moron otototototote 
Rtn nn toto 
orn 


PT eT OT) 


Using the above-mentioned principle, the 


Fig, 1. Shubnikov raster composed of black 
author has developed the coordinate dividing 


triangles according to a square grid law. 
graphic plate 5. The dividing mechanisms of these 


machines for stepwise displacement of the photo- 


1 and 2) by successive contact printing on a photo- 
graphic plate with pauses at the points of a hex- 


engines — ball coordinators [5] — shown in Figs. 3 
and 4 for making Shubnikov rasters [1-4] (Figs. 
agonal (Fig. 3) or square (Fig. 4) grid relatively to 
a stationary contact printing device 6 consists of 
two identical parts, The stationary part is a 
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cast-iron verifying plate 1 with a horizontal plane 
surface. Secured to the plane surface are two 


Fig. 2. Shubnikov raster composed of black 


letters "I" according to a hexagonal grid law. 
a) without axes of symmetry; b) with axes of 


symmetry. 


In the area between the four strips 


f parallel steel strips 2 perpendicular to 
is stuck a layer of closely packed identical steel 


each other. 


pairs o 


balls. The balls 3 are situated at the points of a hexagonal(Fig. 3) or square (Fig. 4) grid. The movable part 


tructed in exactly the same way but is half the size (see Fig. 5), The balls in both parts are identical, 


being 12 mm in diameter. On placing the moving plate on the stationary one, the balls come into contact and 
locate the relative position of the plates, arranging themselves accurately in the gaps of the opposite plate. 


1s Cons 


Even in the event of inaccurate positioning by hand, the plate slips by its own weight into the locating position, 
i.e., it is self-fixing. In successive pauses of the moving plate into adjacent self-fixed positions, any point on 


it will occupy in succession a number of positions on the points of a square or hexagonal grid. 


In such a two-part ball coordinate dividing mechanism, the successive pauses of the movable plate are 


produced approximately equal to the pitch by hand (Fig. 3) or by means of anauxiliary automatic mechanism 


4) 


the movable plate with the photographic 


? 


In the automatic ball coordinate dividing engine (see Fig 


kes these pauses more accurate 


plate 5 locating itself in the correct position. 


nism ma 


(Fig. 4), and the ball mecha 


stopping the movable plate 4, raising and lowering the lever 5 of the printing device, 


switching on and off the lamp situated inside tube 6 for the exposures and switching off the machine after the 


last figure.of the raster has been printed,have been made automatic. 


ball coordinate dividing engine 


the manual operations: 


On testing the accuracy of the automatic 


it was found that analogous points of the figures of the printed rasters deviated 


from the points of an ideal square grid by amounts within the limits of 4y. 


In the 


mentioned principle. 


The author has developed ball circular dividing mechanisms on the above 


the mechanism can be constructed in three possible modifications, 


simplest case 
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Fig. 3. Manual ball coordinate dividing Fig. 4, Automatic ball coordinate dividing 
engine for successive contact printing engine for successive contact printing of 
of hexagonal Shubnikov rasters, square Shubnikov rasters, 


Fig. 5. Movable plates with balls in the inverted position. 


In the first modification (see Fig. 6) the parts of the mechanism are two identical closed systems of adjacent 
identical balls 3 and 4, rigidly held by annular cages 1 and 2, the centers of the balls being situated on circum- 
ferences, Each ball of one part is situated between two balls of the other part, and contacts them at points, 

If the lower cage with its balls is stationary and its axis is vertical, the self-locating position of the movable 
cage and balls relatively to the stationary cage is effected by the weight of the movable cage itself. By step- 
wise angular displacement of the movable cage and balls relatively to the stationary cage from one position of 
location to the next by some means or other, we accomplish the task of various dividing devices, i.e., the 
problem of constant pitch intermittent angular displacements. The second modification of the mechanism differs 
from the first in that the size of the balls of one part differs somewhat from that of the balls of the other part 
(Fig. 7,a). The second modification is the general case and the first and third (Fig, 7, b) modifications are its 
limit cases. In these three mechanisms, the construction of the cages is shown diagrammatically. 


The angular pitch depends upon the number of balls in each cage. If the number of balls in a cage is n, 
the pitch is t = 1/n'th part of the circumference. For small angular pitches, a large number of balls has to be 
packed closely in the cage. This leads to the necessity of either increasing the cage diameter, if it is unde- 
sirable to reduce the size of the balls, or of decreasing the size of the balls. Either method is restricted in 


practice by rational limits. 
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It is possible to indicate another method of ob- 
taining small angular pitches without materially 
decreasing the size of the balls and without increasing 
the cage diameter, i.e., the method of constructing 
differential dividing mechanisms. The simplest of such 
mechanisms is the two-stage mechanism, consisting of 
three parts and forming a combination of two one-stage 
mechanisms, one cage being common and comprising 
on both sides two separate centered closed circular 
systems having different numbers of adjacent balls, 
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If one stage comprises n, balls and gives a pitch 
t; = 1/n,, and the other ng and pitch t, = 1/np, as result 
of the angular displacement by pitch t, of the middle 
part together with the upper part in one direction relatively 
to the bottom stationary part, and then of the upper part 
by pitch t, in the opposite direction relatively to the 
middle part, the top part will have rotated by the amount 
of the pitch ty, where 
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Fig. 6, One-stage ball circular dividing mecha- 
nism, consisting of two identical parts — cages The author has constructed a model of such a mechanism 
with balls. (see Fig. 8) with a pitch ty = 1/360 of a circumference, 


Here the first stage comprises the parts 1 and 2 and the 
second parts 2 and 3, The first stage comprises mn = 36 balls and gives a pitch t, = 1/36 = 10°, and the second 
comprises ny = 40 balls and gives a pitch t = 1/40 = 9°. The resultant pitch 
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Similarly, it is possible to construct three-, four- and generally multi-stage dividing mechanisms. 
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Fig. 7, a) General case of a one-stage ball circular dividing mechanism with 
different balls in the cages; b) the limit case of such a mechanism. 
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On the basis of the two-stage ball dividing mechanism, 
the author has developed and is constructing an automatic 
circular precision dividing engine for marking the graduations 
on the scales of surveying, astronomical and other angle 
measuring instruments; a photograph of this machine is shown 
in Fig. 9, The theoretically expected accuracy of the machine 
is of the order of 1". The minimum angular pitch of the di- 
viding mechanism is 20'. Larger pitches, multiples of 20’, 
can be obtained. 


In conclusion, a number of qualities and features of ball 
dividing mechanisms will be mentioned. In the first place, 
the advantage of these mechanisms is their simplicity, avail- 
ability of manufacture, cheapness and the practical possibility 


Fig. 8. Model of a two-stage circular ball of ensuring a high degree of accuracy of dividing work, much 
dividing mechanism. higher than in existing dividing engines. The wear of the 

a) In the assembled form; b) top cage contacting parts of the dividing mechanisms in service does 
removed; c) dismantled. not reduce their accuracy, but on the contrary, increases it 


somewhat, due to running in. In the circular dividing 
mechanisms, there are no accurate rotary guide members (spindles and bearings), and different temperature 
conditions of working do not affect the accuracy. Temperature errors may arise only as the result of the existence 
of a temperature gradient in the mechanism. Elastic deformations of the parts at the points of contact of the balls 
due to positive interlocking do not produce dividing errors, but on the contrary compensate to some extent the 
effect of errors, due to differences in the dimensions of the balls. 


Under the effect of the positive interlocking of the parts of the dividing mechanism, self-location and self- 
centering of the circular mechanisms is ensured to a high degree of accuracy. Consequently, these mechanisms 


Fig. 9, Automatic circular ball dividing engine for marking 
the graduations on precision circular scales. 


may be used not only as dividing mechanisms, but also as accurate locating and centering mechanisms. The 
plane, cylindrical, conical and spherical surfaces of the elements alone require precision manufacture. 


The individual part (cage with balls) of a circular dividing mechanism may be used as an index dial with 
locator, and the plane dividing mechanism as a coordinate plate. The circular ball dividing mechanism may be 
used instead of a standard graduated scale in instruments for the investigation of errors and checking the accuracy 
of the graduation divisions on circular scales. 
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BRIE F COMMUNICATIONS 


ELECTRON DIFFRACTION STUDY OF MOLYBDENUM NITRIDES 


ZG bimsiteremon eV 6 Kave rl imac: Nien Veer teletOr tS keane 


Preliminary electron diffraction studies of nitration and of the structure of molybdenum nitrides were 
carried out. Conditions under which a cubic Mo2N nitride is formed have been noted as well as the presence 
of two hexagonal phases (of a compound ~ MoN with lattice constants: (I) a = 5.72, c = 5,60 A and (II) a = 
= 5,665, c = 5.52), The first of these phases shows a layered structure and apparently contains a smaller 
quantity of nitrogen than the second. 


Even though the alloys of the Mo—N system are technically important they have not been widely studied. 
X-rays have shown the presence in this system of four phases: a, B, y and 6 [1]. 


The a-phase: practically pure molybdenum; 

the g -phase: stable above 600°C; 

the y -phase: at 6.8 weight % an Mo,.N compound is formed with a cubic face-centered cell: a = 4,155- 
4.160 A; 

the 6-phase: at 50 atomic % nitrogen an MoN compound is formed with a simple hexagonal cell: a = 

= 2.86 and c = 2.804 A. Later [2] doubling of the a and c axes was noted. Space group Dene On the basis of 
a geometric analysis the assumption was made that in this phase the nitrogen atoms are placed in the centers 
of trigonal prisms, formed by the Mo atoms. 


Fig. 1. Electron diffraction pattern of a monocrystal- Fig. 2. Electron diffraction pattern of a polycrystal- 
line molybdenum film. line film of cubic molybdenum nitride. 


* N. B. Kostrova, a student atGor'kii State University aiso took part in the study. 
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In preparing our samples for this study we used as a basic material molybdenum films obtained by the 
sublimation of the metal in a vacuum with condensation on NaCl crystal faces. In order to obtain monocrystal- 
line molybdenum films, the NaCl crystal was preheated at 345° for 15 minutes and subsequently (after film 
sputtering) at 450° for 2.5 hours (Fig. 1). We also studied Mo films sublimated on a molybdenum plate stripped 
with a thin skin, 


The nitration process was carried out in an atmosphere of dry ammonia. The nitration temperature range 
was between 500-780°C, the duration of nitration was between 40-60 minutes. The samples were cooled in a 
constant flow of ammonia for a period of 2-3 hours, 


Ammonia pressure above the metal was decreased by diluting it with a neutral gas and this made it pos- 
sible to suppress certain nitride compound formation reactions, This technique was used in experiments in 
which ammonia was predissociated. 


The maximum degree of predissociation, equal to 95% ,was quite sufficient for the formation of the y-phase 
at 750°C (Fig. 2, 3). Ina series of experiments, aiming at a greater dissociation of ammonia, iron filings were 
placed in the boat and the samples placed on top of them. In order to obtain samples of a pure y -phase, a 
predissociation of ammonia was carried out and nitration took place without iron filings. 


Fig. 3, Electron diffraction pattern of a monocrystal- Fig. 4, Diffraction pattern of the reflection from a 
line film of cubic molybdenum nitride. polycrystalline film of hexagonal nitride (with a 
NaCl standard). 


Mo samples sublimated on a molybdenum plate were nitrated at 700°C for 1-2 hours. In all cases a 
hexagonal y -phase was obtained (Fig. 4), In contrast to the x-ray method, the electron diffraction studies of 
monocrystalline MogN samples showed weak reflections from planes with mixed indices. 


When the y -Mo2N structures were being studied the experimental intensities of the reflections were deter- 
mined by photometering of individual diffraction patterns and visually by means of pictures taken with short 
exposures, The average intensity values obtained by the two methods were used in the calculations, 


In the process of deciphering the Mo2N structure, values were calculated of 6” and 6 along the space 
diagonal and the cube edge, Maxima were then observed in the center of the cell and in the centers of the 


edges. A comparison of experimental and theoretical values of the structure amplitudes (Table 1) was subse- 
quently carried out, 


Theoretical amplitudes were calculated on the assumption that one atom of nitrogen is placed regularly 
at the center of the cube and the second one statistically in other octahedral free spaces (44 00, o4, 00%). 
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Fig. 5. Diffraction pattern of a type of a diagonal Fig. 6, Diffraction pattern of a polycrystalline 
special spatial configuratiorf of a layered hexa- film of hexagonal molybdenum nitride. 
gonal molybdenum nitride. 

The experimental values | | were normalized 


TABLE 1 with the theoretical by multiplication by the magni- 
tude 
Exp Theor, | Exp. 
il 
a he Paki hkl a 5 {(Pu) theor. / (443) exp. + 
4 100 1626 = 2203 2.67 + (@g9) theor./ (409) exp.t « 
2} 110 133 6.38 5.16 ; 0) exp.) 
3 114 24.64 24.70 ae It is important to note that a relatively good agree- 
ah ee ae Sa ment of the intensities does not indicate a regularity 
6 311 12.43 14.95 2.52 in the arrangement of the nitrogen atoms in view of 
‘ oo eae a nee their insignificant scattering properties, In con- 
9 400 12.08 44.25 0.83 nection with this let us note that the experimental 
10} 313 8.46 10.80 2.34 value for the intensity of reflection 110 is greater 
41 240 10.19 13.30 padi 
42 994 833 11.76 344 than the intensity of reflection 100, but theoretically 
13 031 5.24 7.80 2.06 the intensities have a reverse ratio. 
14 620 5.84 TO 47 4,06 


When studying 6 -nitrides we found two phases 
with slightly differing periods. When there is an 
insufficiency of atomic nitrogen, a laminar special 

spatial configuratiorf 6 -MoN with lattice constants a = 5,72, c = 5,60 A is usually formed in experiments with 
predissociation (700°C, 1 hour, 90% dissociation), Qualitative study of the diffraction patterns taken at an angle 
(Fig. 5) shows two cells; strong reflections (with 2 = 2n, n= 0,1, 2,...) correspond to a cell with periods half 

as large and the weak reflections (with / = 2n + 1) give the superlattice. As long as the scattering property of 
nitrogen atoms is at least 6 times less than that of molybdenum, and the reflections, corresponding to the super- 
lattice, are sufficiently strong, there is no doubt that molybdenum takes part in the formation of weak reflections, 
This means that part of the molybdenum atoms are shifted from their individual positions, which leads to a 
two-fold increase in the period. The reason for these shifts is still unknown, for each cell has 8 prisms 
and in each prism there is an atom of nitrogen. 


The 6 -phase lattice may be represented as consisting of packets each one of which is formed by three 
atoms layers (MoNMo). The indexing of the pattern taken at an angle of 70° gives reflections which fit into 
the space group Déh with the exception of reflection 221. 


* "Texture;" see footnote on p. 86 — Publisher. 
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We observed a second hexagonal phase (Fig. 6) with higher atomic nitrogen content. Its lattice constants 


are 
a = 5,665, c = 5,520 A. 


In this case the introduction of a greater quantity of nitrogen does not increase but rather decreases the 
lattice periods. This decrease may be due to the following situation, The structure of the layered phase of 
5 -MOoN is not the closest packing (c/a = 0.98), The introduction of additional nitrogen into the prisms between 
(Mo—N- Mo) packets leads not to the pushing apart of molybdenum atoms but rather to their drawing closer 
together, which is apparently associated with a change in the bond forces, 


This is a preliminary study of the molybdenum-nitrogen system. 
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ELECTRON DIFFRACTION STUDY BY REFLECTION OF POWDER SAMPLES 
OF CELADONITE 


B. B. Zviagin and R. A. Shakhova 


Powder samples of clay minerals are usually studied by electron diffraction in transmission, The prepara- 
tions made from suspensions by means of precipitation of the substance onto a backing form grain-oriented 
polycrystals; when these are studied at an oblique angle to the electron beam, diffraction patterns appear with 
a well known distribution of reflections along ellipses. These diffraction patterns have a considerable defect: 
they do not show the 00! basal reflections. However these reflections are very important for the identification 
of minerals, the study of mixtures, and are indispensable for harmonic synthesis. 


Fig. 1. Distribution diagram of reflections belonging to a 
texture with a b* axis. 


In 1955 the possibility of studying clay minerals 
by reflection was experimentally proved in paper [1]. 
The preparations were made by precipitating particles 
of the substance to be studied onto perfectly polished 
surfaces of stainless steel, The diffraction patterns, thus 
obtained, contained the 002 basal reflections. 


At VSEGEI [All-Union Geol. Sci. Res. Inst.].a 
similar study was carried out on celadonite, a mineral 
with a very perfect and relatively simple structure, It 
was to be expected that in this case, corresponding to the 
study of a texture with an inclination angle of 90°, each 
ellipse would be transformed into a pair of parallel 
straight lines and the diffraction pattern would show a 
straight texture with a c* texture axis, 


Fig. 2. Distribution diagram of reflections belong- 
However, the diffraction pattern which was ob- 


ing to a texture with a c® axis. 
tained was considerably more complicated, When it 
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Fig. 4. Electron-microscope picture of celadonite (13,000 x). 


was analyzed it was shown that the main reflections belong to a pattern of a straight texture with 9 b® axis (see 
diagram,Fig. 1) and is obtained largely from those particles of the texture which are perpendicular to the electron 
beam in plane ab, and thus basically it represents the plane a* b* of a reciprocal lattice. 


Diffraction of those particles whose ab plane is not perpendicular to the electron beam but is turned ata 
certain angle around the axis of the b* texture, is represented by a few reflections 132, 152 etc), Reflection 
pairs 020-021, 040-041, 060-061 and 080-081 are clearly shown in the pattern; the distances between them 
naturally decrease as one goes away from the center, representing a decrease in the difference in,interplanar 
spacings. 


The other and less clearly discernible part of the pattern is that expected for a texture with a c* axis and 
contains basal reflections 002, 003, 004 etc,(see diagram,Fig. 2). Reflection 001 is not shown in the photograph 
as it lies in the shadow region of the sample. The other reflections of this pattern (022, 112, 202, 13%, etc.) are 
placed along parallel straight lines, The diffraction pattern as a whole represents the sum of both patterns 
(Fig. 3). 
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These special features of the diffraction pattern are due to the fact that celadonite particles, as shown by 
the electron- microscope, are in the shape of long ribbons (Fig. 4). When such particles are precipitated out of 
a suspension they usually arrange themselves parallel to the backing not only along the plane of these ribbons 
but also along their long edge, which, in accordance with the diffraction pattern, must coincide with the a axis. 
The transverse direction of the ribbon naturally coincides with the b axis, and the c axis is inclined to the plane 
of the ribbon at a certain angle, The elementary celadonite cell (a = 5.20, b = 9,00, c = 10.25 A and B° = 100.1”) 
was determined from transmission patterns of textures. 


The results obtained show that, depending on their shape and orientation in reference to the direction of 
the electron beam, the particles of thinly dispersed layer silicates do not take part equally in the formation of 
the diffraction pattern. In connection with this, with a nonisometric particle shape additional reflections may 
appear in the reflection pictures of powder samples of such materials, which in the case of celadonite were 
even more clear than the reflections of the patterns expected for textures with a c* axis. 


It must be noted that the study of such samples by reflection is complicated by the fact that the diffusion 
halos from polished surfaces of the backing partially coincide with certain basal reflections. 


The authors are deeply grateful to K. M. Malkova for lending them samples of celadonite. 
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ON THE CHANGE IN THE NATURE OF THE CHEMICAL BOND 
WHEN THE COORDINATION NUMBER IS CHANGED 


S. S. Batsanov-and V. I. Pakhomov 


Dependence of the nature of the chemical bond on changes in the structure of a substance is usually 
associated in crystal chemistry with changes in the interatomic distances, 


It is known that with an increase of the coordination number the interatomic distances increase in in- 
organic crystals, According to Pauling [1] the ionic character of the bond increases, This Pauling explains 
in the following manner, In a gaseous state, for example in the NaCl molecule, there is one bond of an inter- 
mediate nature. During crystallization of this substance only one such bond can operate between Na* and CI 
ions, whereas the other bonds must be ionic, As long as all the interatomic distances in the NaCl coordination 
polyhedron are equivalent, one may consider all the bonds equal, and then each one of themwill show a degree 
of covalency inversely proportional to the increase in the coordination number in the crystal in relation to the 
gas. 


TABLE 1 
Change in the Radii of the Alkali Metals with Degree of Ionization 


Ionization % 
ae 3 | 4 | so | 


70 80 | 90 | 100 

bios | 1.44,.| 1.335) 4.28 | G pide 1194 Zope OS 404i OF 0.98 (0.98) A 

Na De2e Aout lee, 9.3 | 7.6 6.8 5.9 | 5.9 5.1 % 

2,09 Me .93 487 [42 a4 Orta lees 1.45, | 1,44 ie te 33) A 

K Zed HAG 8.0 6.6 6.0 

225 | 2.085 | 1.065 | 4.86 Rey | 1.70 | 1.64 11.585 [1.535 | 1.49 1.46 (1.49) A 

Rb 19.6 {16.5 |13.3 {414 ily {Aw 6.3 ye | 4.4% 

2,63 241 | 2.25] 2-125] 2.025) 1.04 |1.865 |1.80, | 1 98,165; 4 

Cs 22.7 \A6 12 10,3 Sey Ab eheds 6.2 Bes 1% 
Average ERAGE 6.6 pareeies 


TABLE 2 
Change in the Radii of Halogen Atoms with Degree of Ionization 


| Ionization % 
o | 1 | 2 | 30 | 4 | 5 | 6 | w | 9% | o | 10 


F [om 0.745 | 0.77 | 0.80 0.85 0.88 | 0.6 9.00 1.035] 1.215| 1.43,A 
8.5) | 3:5 [4.2 14:0 |. 6.3.01.7.0, [OA H2s6 ciaee deooeas, 
al el 1.075 | 4.125 | 1.185 | 1.25 | 1.34]1.455] 1.625! 1.90] 2.56,A 
2.2 42.6 (3.2 (338 |4.89) 5.7 bre ie Geel ime | 42.5% 
Beene 1.28 | 1.35 ee ie 2.32) 4.0754 
15° (4.9 "| 2c4 Boep ane | 4°9 7.5 re | 59.8% 
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In the case of organic substances Schomaker and Stevenson [2] proposed the following formula for the 
computation of interatomic distances: rag =ra +tp—0.09 (xa ~Xp) where ra p are the covalent radii, XA B 
are the electronegativity of atoms A and B, From this formula it is seen that the interatomic distances will 
decrease (in comparison to the sum of the covalent radii) as the difference in the electronegativity of the atoms 
increases, i.e., the greater the ionic character of the bond, 


Thus the Pauling method and the Schomaker-Stevenson method give contradictory results; an increase 
in the ionic character of the bond in the first case is accompanied by an increase in the interatomic distances 
and in the second case by their decrease, It must be noted that the authors mentioned above do not restrict 
in any way the region of applicability of their formulas. 


With Sanderson's [3, 4] work as a basis, this contradiction may be resolved and a quantitative relation 
may be derived for the dependence of the interatomic distances on the ionic character of the bond. According 
to Sanderson, the radius of an atom is associated in the following manner with its electronegativity: 


af 
r= rie i ; here EN is the electronegativity of the atom, Z is the number of its electrons and 


EDjn is the electron density for the isoelectronic inert gas atom. Using the numerical values for these magnitu- 
des, given in the above mentioned papers of Sanderson, one can calculate dimensions for atoms in the inter- 
mediate bond states, 


In Table 1 in the first lines are given values of the radii of the alkali metals (starting at 10% ionic 
character) from purely covalent to purely ionic; in the second line are given the changes in radii as portions 
of the total change of radius on complete ionization of the atom. In the last column of the table the Goldschmidt 
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Fig, 1. Change in the radii of atoms with degree 
of ionization, 
TABLE 3 


Changes in Degree of Ionic Character 
During Crystallization 


Anicn oO ea a8 25 50 75 100 
ney | td | Rot | __Cst {onic character of the bond % 
2.31] 2.67] 2 82|3.00; A Fig, 2. Change ininteratomic distances with 
F 95.0 |95.5 |96.5 | 96.0% WALA 
76,0 |78.0 |78.0 | 80.5% bond ionization, 


se 


values of the ionic radii of the alkali metals [5] are given in brackets. 


It can be seen from the Table that the agreement between the ionic radii, calculated according to Sander- 
son, and the empirical ionic radii is practically complete. 


The analogously calculated change in the radii of the halogens arranged as to degree of ionization is 
given in Table 2, 


In this case the agreement between the anion radii, calculated theoretically, and the empirical radii is 
considerably worse. It may be assumed that this is due to the fact that the Sanderson theory does not take into 
account the polarization of the ions. In the case of cations polarization is insignificant and there this defect in 
the theory is not apparent in the values of the radii; the anion polarization is, however, so great that it can not 
be disregarded, For this reason we shall subsequently only deal with alkali metal fluorides (with the exception 
of Li) in which the ion deformation is insignificant. 


The data of Tables 1 and 2 are graphically represented in Fig. 1. From the graph it is clearly seen that, 
up to 50% ionic bond character i.e., in the case of predominantly covalent substances, as the polarization of 
the bond increases, the "cations" decrease in size more than the “anions” increase. Over 50% (highly ionic 
substances) the reverse is seen: the radius of the "anions" increases more rapidly than the radius of the “cations” 
decreases, This solves the contradiction mentioned in the beginning of this article, especially in the case of 
substances with predominantly covalent bonds (organic substances) where, as the polarization of the bond increases, the 
interatomic distances are shortened, whereas in the case of inorganic substances as the ionic character increases, 
the interatomic distances increase. 


Curves of the change in interatomic distances with changes in the polarity of the bond for alkali metal 
fluorides, as well as chlorides and bromides of such metals which in a crystalline state show structures with 
different coordination numbers, are shown in Fig. 2, The curves are drawn from the data of Tables 1 and 2, 


Interatomic distances in alkali metal fluorides (first lines), values of bond ionization corresponding to 
these distances (according to data from Fig. 2) and also ionic character of the bond in gaseous molecules 
determined by the Sanderson method (lines 2 and 3,respectively) are shown in Table 3. 


As can be seen from Table 3 the increase in ionic character with an increase in coordination number 
from 1 (gas) to 6(€rystal) agrees completely with the Pauling rule. This is also confirmed by the data on 
changes in interatomic distances during polymorphic transformations, which are accompanied by changes in 
the coordination number, 


Interatomic distances (1st lines) and values of the degree of ionic character (2nd lines) corresponding to 
these bond lengths are given in Table 4, 


TABLE 4 
Change in the Degree of Ionic Character When the Coordination Number 
Changes 
Anions 
Cl Br 
Cations 
Coord. no. 6 | Coord, no. 8 | Coord, no. 6 | Coord. no. 8 
Rbt 3.27 — 3.43 3.53 A 
86.0 (89.5) 79.7 84 (84.5) % 
Cst 3.47 3.56 3.615 3.71 A 
85.5 89.0 (89.1) (oo 92 (84) % 
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Absolute values of the ionic character are here apparently somewhat lower due to the fact that the 
polarization of the anions was not taken into account, but relative changes are sufficiently accurate as in both 
modificatious we have to do with equal cations, As can be seen from Table 4 the Pauling rule holds true here 
as well (values of the degree of ionic character according to Pauling are given in brackets). 


Thus we can draw the general conclusion that when the coordination number is increased in alkali metal 
halides the degree of bond covalency decreases as the coordination number increases. 
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ON THE VIBRATIONAL "'STRUCTURE"' OF ABSORPTION SPECTRA 
OF CRYSTALS WHOSE COLORATION IS DUE TO 
ISOMORPHIC IMPURITIES 


S. V. Grum-Grzhimailo and M. G. Enikeeva 


Pekar and Krivoglaz [1] have shown that the shape of the band absorption by impurities in dielectrics may 
be represented as the product of two frequency functions, The first frequency function factor is represented by 
a smooth bell shaped curve and describes the smooth contours of the absorption spectrum, In the case of pre- 
viously studied crystals whose coloration was due to isomorphic impurities the absorption band has the form of a 
Gauss error curve; such absorption bands exist in the case of the ruby (chromium colored corundum) [2] and 
corundum colored by vanadium. 


The second factor in the above mentioned expression for the form of the absorption band describes a 
vibratory “structure” of the absorption bands. 


In the studies carried out earlier at the Institute of Crystallography of the Academy of Sciences, USSR, 
the vibrational "structure" was found in absorption spectra of corundum colored by chromium and vanadium 
impurities [3, 4]. The study was carried out in the visible portion of the spectrum in polarized light on a ISP-51 
spectrograph at low temperatures (100°K). 


In ruby containing 0.1% Cr,O3 as an impurity, the "structure" which appears around 170°K was observed 
on the long wave length side of the absorption band as five supplementary maxima in the ordinary ray only. In 
corundum, colored by vanadium, the "structure" appearing at higher temperatures than in the case of the ruby, 
was observed in both the ordinary and the extraordinary ray. Here the maxima of the "structure" absorption 
in corundum are displaced in relation to the ruby towards the long wave length end of the spectrum, which 
corresponds with the displacement of the maximum of the wide absorption band [4]. 

"Structure" bands in corundum, colored by chromium and vanadium, are located at equal distances from 
each other, with approximately two hundred bands per centimeter, These distances correspond approxima- 
tely with the natural lattice vibration of corundum, found by Krishnan [5] when studying the infrared absorption 
spectrum of corundum, Such correspondence leads us to assume that these bands are produced by an inter- 
action of the electron transitions in the impurity ions with the vibrations of the crystal lattice, which agrees 
with the theoretical conclusions of Pekar and Krivoglaz [1]. 


Using the same apparatus we studied, in the visible portion of the spectrum at a temperature of 100°K, 
samples of corundum containing various percentages of chromium oxide (see paper [6] for a description of the 
samples) with weak and intense colorations; the latter contained about 2%CrgO3. For all of these samples, 
approximately 1-2 mm thick, "structure" bands in the absorption spectra were also observed in the ordinary 
ray only, and their position in the spectrum does not depend, within the limit of measurement error, on the 
amount of chromium they contain, With larger amounts of impurity and more intensive coloration, the 
spectrograms show a smaller number of "structure" bands, 


We also studied absorption spectra of corundum, colored by the isomorphic impurities such as nickel, 
manganese and titanium, Samples of corundum containing titanium and manganese were synthesized at the 
Chernorechensk chemical factory where it was impossible to grow a large piece of intensely colored corundum 
(with large quantities of Mn and Ti the corundum crystals shatter), 


In the low temperature absorption spectra of these corundum samples up to 10 mm thick, weakly colored 
by titanium to a pinkish-violet hue, and by manganese to a pink color, "structure" was not observed. In the 
absorption spectra of samples up to 100 mm thick, made up to two or three half-pieces, with polished sides, 
parallel to the optical axis, "structure" bands were observed in the ordinary ray. The position of these bands 
is the same as that for samples with manganese impurities and samples with titanium impurities and corresponds 
to the positions of the "structure" bands in ruby. We assume that the "structure" bands observed in the absorption 
spectra are due to chromium. This is confirmed by the curves of the absorption spectra of these samples which 
show that their color is affected not only by the Ti and Mn butalso by chromium* impurities found in the 
crystals (absorption maxima, characteristic of ruby are seen in the curve). 
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Fig. 1. Curve of the absorption spectrum of cyanite. 
Extinction coefficient K is plotted along the ordinate, wave lengths in millimicrons are 
plotted along the abscissa, 


In a corundum sample, colored yellow by nickel, 5 
indistinct narrow bands were observed in the ordinary ray, 
locatedinthe yellow and red portions of the spectrum 
at varying distances one from the other. Therefore these 
bands can not be considered as bands produced by a combi- 
nation of electron transitions with ionic lattice vibrations, 
In blue corundums (sapphires) studied, 2 mm thick, no 
narrow absorption bands were found in the spectrum. 


We studied the absorption spectra of natural minerals 
in our collection at a temperature of 100°K: emerald, 
cyanite, red spinel, pyrope, kotschubeite, all colored by 
o chromium; pink tournaline colored by manganese; garnet, 
0 1 2 3 (y-v)* beryl and tourmaline colored by iron (the samples were 
plane parallel plates from 1 to 3 mm thick), 


Fig. 2. Graphofin « as a function of (WU) —v es 
K(V) is the coefficient of absorption; Vp is the 
frequency corresponding to the maximum of 
absorption [1, 2] in the red part of the spectrum 
(ng) and in the yellow part of the spectrum 


In the absorption spectra of some of the samples 
narrow absorption bands characteristic of trivalent 
chromium [7, 8] were observed. Narrow bands were found 
in the absorption spectrum of dark blue cyanite (a plane 
parallel plate 9 X 3,5 X 1.2 mm). Two planes (100) per- 
(Mim). pendicular to an acute bisector of this plate were polished. 

The cyanite sample, which we studied, came from the 
Kamenka river in the Cheliabinsk district (from the Mineralogical Museum of the Acad, Sci, USSR); it showed 
a blue coloration for light vibration along ng anda less intensive greenish-blue coloration for light vibration 
along Nm. 
* A small amount of chromium is always present in all of our corundum samples synthesized at ChKhZ 
(Chernorechensk Chemical Factory). 
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The curves of the absorption spectrum for cyanite are shown in Fig, 1 (absorption measurements were 
taken on a SF-4 spectrophotometer in polarized light), They are characteristic for minerals whose coloration 
is due to Cr’, They have two wide bell shaped maxima, Calculations showed that they have the form of 
the Gauss error curve because all of the experimental values of a number proportional to the logarithm of the 
absorption coefficient, fall on a straight line, if the square of the difference between the frequency of light and 
the frequency of the absorption maximum are plotted along the abscissa (see Fig. 2 and [2]), which should agree 
with the Pekar and Davydov theory [9, 10]. In cyanite, as in corundum, the ions of trivalent chromium replace 
trivalent aluminum which fills the oxygen octahedrons [11]. A row of narrow absorption bands appears in the red 


portion of the cyanite absorption spectrum. Dashes in Fig. 1 indicate their position in the spectrum. 


For light which had gone through the crystal with ny vibrations, there are 5 bands among the narrow bands 
(A = 655, 660, 665, 671 and 676 millicrons — indicated by thick dashes in Fig. 1). These bands are highly 
polarized. There is no other ray (for ng vibrations) in the absorption spectrum. These bands are at equal dis- 
tances from each other and are found on the long wave length side of the absorption maximum in the yellow 
end of the spectrum. On this basis we could assume that they are bands of a vibration "structure" of the absorp- 
tion spectrum. However, such an assumption can not be considered sufficiently substantiated. Other narrow 
absorption bands are observed in the blue region of the cyanite absorption spectrum, placed at different dis- 
tances one from the other.* Thus the results of a study of corundum samples, colored by chromium and vanadium, 
confirm the basic theory of light absorption due to impurities in crystals, One of the reasons for the absence of 
a vibration "structure" of the wide absorption band in the spectrograms taken in the visible portion of the 
spectrum for other crystals may be their insufficient isomorphic impurity content, 
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MACROSCOPIC EDGE DISLOCATIONS IN A CORUNDUM CRYSTAL 


Velie Lilde nibom-sand Gee knw deo mow sik it 


The optical method of stress analysis is one of the methods that can be used for the direct detection of 
edge dislocations in crystals which are transparent in the visible [1] and infrared [2] regions of the spectrum. In 
a cylindrical coordinate system whose axis coincides with the line of the edge dissociation, the radial stress dis~- 
tribution 0,, the tangential stress distribution Og and the shear stress distribution T,9 around the dislocation are 


described by the following expressions [3]: 


sin 9 


Sigg Sele er et (1) 
cos $ 
tr == yee (2) 
; bG 
Here 9 is measured from the slip plane OS (Fig. 1) and D = Sa eety , where G is the shear modulus, p is 
~H 


Poisson's ratio, b is the Burgers dislocation vector (for simplicity we omit the anisotropy of the elastic properties 


Fig. 1. Observation of edge dislocation by the 
polarizing-optical method, 

OS is the dislocation slip plane; 

OP is the axis of the polarizer; OA is the axis 
of the analyzer (OA 4 OP); OP and OC are iso- 
clines (OC 1 OD); OB is the neutral line 

(OBL OS). 


of the crystal), When the isotropic crystal is studied along 
the line of dislocation between crossed Nicols, the intensity 
of the illumination of each section will be defined by the 
square of the shear stresses taken in the system of coordinates 
whose axes coincide with the axes of the polarizer and 
analyzer. 


Calculating by means of (1) and (2) the value of the 
shear stresses T,, in a coordinate system, rotated in relation 
to the slip plane by the angle a (see Fig. 1) we obtain 


Ct, = 


S - cos 6 - cos2(9 —a). (3) 


When a = , Expression (3),as expected, coincides with 
Equation (2). Equating T, to zero we obtain two solutions: 


b= > (4) 


(the so called “neutral line" which remains dark when the 
the sample is rotated between crossed Nicols) and 


Foat Ts, (5) 
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b ce oI? 


Fig. 2. Equal shear stress rosettes, T = const, for edge dislocation, 
a) In a coordinate system one of whose axes coincides with the slip plane (a = 0); 
b) when @ = 15°; c) when w = 30°; d) with diagonal orientation (a = 45°); 


T > const regions are blackened. 


Fig. 3. Diagram of the formation of macro- 
scopic edge dislocations (a) when shear is 
inhibited, (b) with corresponding illumina- 
tion rosettes for orientation of the polarizer 
(or analyzer) planes parallel to the boundary 
of the interlayer,(c) with diagonal orienta- 
tion. 

Direction of slip is indicated by arrows. A 
positive, B negative edge dislocations, 
Regions are noted with different signs of the 
optical path difference. Crossed Nicols. 


i,e., two mutually perpendicular isoclines, dark lines 
moving on the sample as it is rotated between crossed 
Nicols, It is interesting to note that in this case the iso- 
clines are always placed in a diagonal position in refer- 
ence to the axes of the polarizer-analyzer. Thus we 
reach the following interesting conclusion: when an 
isotropic crystal is examined between crossed Nicols 
along the line of edge dislocations a cross of mutually 
perpendicular isoclines, stationary under a microscope 
and a straight neutral line, crossing the center of the 
cross, stationary in relation to the sample, will be ob- 
served, 


Assuming Tg = const we obtain the equation for 
the equal shear stress rosette 


r=C - coss- cos2(9—a), (6) 


where C is a constant proportional to T,. In the general 
case the rosette has six petals separated from each other 
by a neutral line and by isoclines. Both adjacent and 
opposing petals have different signs. When a = 0 we 
obtain a rosette, studied in paper [1] (see Fig. 2,a), when 
a = 45° (diagonal orientation of the sample) the rosette 
equation has the form 


r=C-cos9$- sin 2g. (7) 


Here one of the isoclines joins with the neutral line and the petal which had previously been between them 


. 


disappears (see ae 2,d).* In Fig. 2,b and ec such rosettes have been drawn, corresponding to the intermediate 
a 


cases ~ = 15° an 


= 30, 


* Let us note that the equal shear stress rosettes look like the anti-symmetrical black-white figures, studied in 
a general way by Shubnikov [4]. 
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Fig. 4. Sample of corundum with blocked shear. Crossed Nicolls. 

a and b) Polarization plane parallel to the boundary of the interlayer; c and d) diagonal 
orientation of the polarizer. 

Regions marked by arrows in a and c are enlarged in b and d. 


This is illustrated by the case of interior stresses, caused by blocked shear, an interesting case in itself, 
One of the authors, when studying plastic deformation in synthetic corundum crystals [5], obtained a sample 
with clear slip lines, interrupted on the boundary between the monocrystal and the differently oriented inter- 
layer. Considerable interior stresses, whose role and significance were qualitatively analyzed in the Klassen- 
Nekliudova study [6], were found at the end of the slip lines in polarized light, 


From the definition of an edge dislocation as a frontal boundary of the slip plane region, along which the 
local dislocation took place [7], it follows that the shear, inhibited at the boundary of the block, causes (macro- 
scopic [8]) edge dislocation (Fig, 3,a). In this ‘case the dislocations, placed at opposite sides of the interlayer, 
have different signs. The optical effects, which can be observed between crossed Nicols at the boundary of the 
slip lines (lines of equal shear stresses correspond to the lines of equal illuminations) are diagramatically shown 


in Fig. 3, b and c, by means of the rosettes shown in Fig, 2. 


‘In Figs. 4 and 5 are shown photographs between crossed Nicols of the above mentioned corundum crystal 
with blocked shear. The sample was oriented by means of the Fedorov table, in such a way that the principal 
axes of the monocrystal and the interlayer coincided approximately with the direction of the microscope axis. 
Thus the plane of the pictures may be considered (approximately) as the basic plane of the crystal, which, as 


185 


b 


Fig. 5.* Same sample as in Fig. 4. Shifting of the colors when a sensitive 
plate is introduced: 

a) polarization plane parallel to the interlayer boundary; b) diagonal 
orientation of the polarizer. 


is well known [9], is practically isotropic. A certain analogy may be observed between the illumination rosettes 
shown in Figs. 4 and 5 and the illustrated results of the calculations shown in Figs. 2 and 3. By means of a 
sensitive plate it was shown that the signs of the stresses actually correspond to the diagrams in Fig. 3,b and c, 
In the photographs taken, one sign of the shear stresses corresponds to an intensification of the colors and the 
other to their reduction, 


We may assume that a more detailed quantitative study of the phenomenon will establish the size and 
character of the distributionof interior stresses caused by blocked shear. This is particularly interesting because 
at the present time such stresses are considered very important in theories on the strength of crystalline 
materials [10, 11]. Developing of ideas of A. V. Stepanov on the connection between the processes of plastic 
deformation and destruction [12], the authors assume that dangerous local concentrations of stresses occur due 
to blocked shear and not to the Griffith cracks. 


* This figure could not be reproduced in color — Publisher. 
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GROWING UNIFORM GRYSTALS OF ROCHELLE SALT FRUM STRONGLY 


SUPERSATURATED SOLUTIONS 


N. V. Aliavdin, N. N. Sheftal' and Z. 1. Frolova 


The present communication concerns an investigation into the possibility of rapidly producing Rochelle 
salt crystals from strongly supersaturated solutions of high concentration. Industry, by the use of dynamic growing 
methods, produces large single crystals of Rochelle salt of a weight of the order of 3-4 kg. Usually these crystals 
are grown in the course of say three or four weeks from slightly supersaturated solutions. If the rate of growth is 
increased by the use of a higher degree of supersaturation, the result is a disturbance in the crystal uniformity. 
Our investigations have shown that in experimental conditions, the rate of growth of uniform crystals of Rochelle 
salt can be increased several times by increasing the supersaturation and temperature beyond the thermodynamic 
limit of stability of the crystallizing salt. 


The work of van't Hoff [1] and van Leeuwen [2] showed that at a temperature above 41°C, Rochelle salt 
solutions are unstable and begin to dissociate into the separate sodium and potassium tartrates. Sodium tartrate 
has a lower solubility than Rochelle salt and readily 
separates out from its solution. This process is rapidly in- 
tensified with increase in temperature, 55°C being the 
point of complete dissociation of Rochelle salt into the 
individual tartrates, Above this temperature, only a mix- 
ture of the tartrates crystallizes out. 


a These relationships are illustrated by the solubility 
° diagram (Fig. 1) [2]. This diagram defines the regions of 
= thermodynamic stability of crystallizing Rochelle salt, 
ve and its components, sodium and potassium tartrates, 
41° 55° The separation of sodium tartrate from the solution 
Temperature renders difficult the crystallization of Rochelle salt and 
completely arrests the growth of uniform crystals. The 
Fig. 1. Solubility curve: 1) Rochelle salt + growth of Rochelle salt crystals by cooling is therefore 
+ sodium tartrate, 2) Rochelle salt, 3) Rochelle conducted from a temperature of 40°C or slightly above, 
salt + potassium tartrate, 4) sodium tartrate + since dissociation is only slight from weakly supersaturated 
+ potassium tartrate. solutions in the vicinity of 41°C. 


We have studied the cause of dissociation and the conditions of the metastable state of Rochelle salt solutions. 
We found that dissociation of the salt is due not only to increase in temperature, but also to the presence in the 
solution of undetectable nuclei of the individual tartrates, If a solution of the salt is subjected to fairly long heating 
at a temperature above 100°C, the nuclei are destroyed and crystals of Rochelle salt are produced on seeds from 
such a solution in the range 41-56°C. The presence of nuclei of the individual tartrates in the solution may lead 
to its dissociation even in the temperature region below 41°C, Thus, the dissociation of highly concentrated 
solutions at 18°C has been confirmed experimentally. In well heated solutions, the tartrates did not appear even 
when the solutions were maintained for some time both in the conversion temperature range and at room temperature. 


The dissociation of solutions containing nuclei of the individual tartrates depends upon the concentration of 
the solution: the higher the concentration, the greater is the probability of dissociation. This dependence is also 


188 


understandable in essence: in a molecule of Rochelle salt KNaCgH4O, + 4H,0O, there are four molecules of water 
and in the molecules of the tartrates of sodium NagC4H4O,° 2H,O and potassium K,C4H,O,° 4% H,O together, there 
are only two and a half molecules of water. 


In our initial experiments, the growth of crystals of Rochelle salt was carried out in the range 46-50°C in 
special flat closed molds (Fig. 2), as well as intest tubes having a capacity of 150 cc. The conditions of the 


Fig. 2. Single crystal plate grown in a special Fig. 3. Uniform single crystal of Rochelle 
vessel, salt weighing 971g grown in 63 hours, 


process were not rigid: temperature fluctuations of several degrees were permitted, the concentration of the 
solution was varied, salt from different batches was dissolved, etc. In these conditions, adding 3-10% of water 

to the salt melt, heating the solution to boiling, followed by cooling to a temperature of 46-50°C and crystal- 
lization failed to give uniform crystals of more than half a gram in weight. Usually the small crystal, formed 
from the seed, was intersected by cracks and lacked uniformity. Reducing the supersaturation within the indicated 
limits merely resulted in a slight procrastination of the destruction of the small single crystal. 


The effect of impurities was then tried in order to preserve uniformity of the crystals in unfavorable growth 
conditions. The literature contains descriptions of cases of the production of large good quality crystals under 
the stimulating action of impurities [3]. After trying a number of substances, including some colloids, we 
decided upon a linseed colloidal extract of complex organic structure, possessing high stability compared with 
other colloids in a wide range of pH concentration, The extract is used in industry for a number of purposes and 
has been the subject of special investigations [4]. The addition of a 10% alkaline colloidal solution of this extract 
to the melt of Rochelle salt instead of water ensured uniform growth of the crystals in the above-mentioned condi- 
tions, It was thus possible to produce good crystals weighing up to 60 g, grown at a mean rate of growth of 
2 mm/hour along the b axis in one direction (Fig. 2). It was subsequently found that with considerable reduction 
in supersaturation, and particularly with an initial crystallization temperature of 52-52.5°C, uniform crystals 
could be grown without the colloidal impurity, but with an addition of 10% of water only and at practically half 
the rate, 


For better comparison of the last results with known data, the confining vessels in which the crystals were 
initially grown were replaced by ordinary crystallizers with revolving crystal holders. In conditions of free growth 
at a temperature of 52.5°C and with the addition of 10% water, good crystals weighing up to 971g were obtained 
at a rate of growth along the c axis of the order of 3 mm/hour. A uniform crystal weighing 971 g was obtained 
in 63 hours from a point seed (Fig. 3), Growth was from a 4.9kg solution with a fall in temperature from 52.5 
to 51°C. In industry, a crystal weighing 1kg is grown in 12-13 days. 
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Crystals grown in the above-mentioned conditions are appreciably elongated on the c axis, Taking the 
length of the crystal along the c axis as unity, the dimensions along the a axis are 0.32-0.33 and along the b 
axis 0.41-0.42, The shape of the crystal is formed by the tral , 4210$ , 4001} faces, which are not always 
adjoined by the subordinate faces {100f and{o10}. The:} 110f face is developed much more than in crystals 
grown in the normal way. | | 


As a result of this work, it has thus been shown possible to produce uniform crystals of Rochelle salt on 
seeds in conditions of its thermodynamic instability during crystallization, 


It may therefore be assumed possible to grow large uniform crystals of other substances in conditions of 
thermodynamic instability. 


To increase the rate of growth of crystals in industry, increasing the initial temperature of crystallization 
to above 43°C is to be recommended. The danger of the appearance of tartrates in this case may be avoided by 
boiling the solution in the crystallizer. 


The authors wish to express their thanks to M. V. Gavrilova and G, B. Netesov for assistance in the experi- 
mental work, 
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Hey, DINOWMOH ERMA SHaN I EGE-ST. SOF SSC TEE Tl E 


hs NG 2 Niel atin 


The author in collaboration with G. B. Bokii previously investigated the solubility of CaWO, in water and 
aqueous solutions of some chlorides [1]. The hydrothermal origin and close genetic association of scheelite with 
quartz in nature leads one to expect successful results from the hydrothermal synthesis of scheelite crystals. The 
present communication gives the first results of an investigation into the solubility of CaWOy and its crystalliza- 
tion from water and aqueous solutions of some electrolytes — CaCl, NagWO,4, LiCl, NaCl, NH,OH, LiOH, NaOH — 
at pressures of 300-320 atmos and temperatures of 350-500°C. 


The experiments were carried out in an autoclave having a capacity of 110 cc, permitting the use of pres- 
sures of up to 350 atmos; the autoclave was fitted with a pressure gauge. It was heated in an electric resistance 
furnace with a vertical temperature gradient, the temperature being measured by chromel-alumel thermocouples 
at the bottom and in the upper part of the autoclave on its external surface. The difference between these temper- 
atures during the course of the experiments was 40-50°C. 


Fig. 1. Synthetic hydrothermal scheelite. x 18. 


Four to six single crystal seeds of synthetic scheelite [2] were suspended from a frame in the autoclave 
at different levels. The seeds were weighed before and after the experiment; the structure of their surface was 
examined under the microscope. This permitted assessment of the solubility, deposition and transport of substance 
during the experiment. The autoclave, filled to 60-70% with the above-mentioned 4-6% solutions, remained in 
the furnace at constant temperature and pressure for 10-12 hours, whereupon the furnace was switched off and the 
autoclave rapidly cooled. In this way, from the loss in weight of the seeds introduced into the autoclave, it was 
possible to form a rough estimate of,and compare, the dissolving capacities of the solvents selected. 
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It was found that the solubility of scheelite in pure water and in solutions of CaCl, NagWO,4, NH,OH and 
LiC1 is practically nonexistent, amounting only to a few milligrams per 100 gofsolvent, Evidently, compared with 
normal conditions [1], there is no increase in solubility. A somewhat higher solubility is observed in a solution 
of NaCl (tenths of a milligram per 100g of solvent), and still higher in a solution of LiOH, but as yet far from 
sufficient to permit its use for the crystallization of CaWO, from such solutions. 


The solubility of scheelite in a solution of NaOH (a 4% solution was used) was found to be quite considerable. 
In this case, the seeds of CaWOg, situated in the lower, hotter part of the autoclave, dissolved almost completely 
(weight of seeds about 3g ), and then on cooling, the scheelite crystallized in the form of a fine-grain deposit on 
the remaining seeds and on the windows of the autoclave in its lower part. Qualitative chemical analysis failed to 
reveal any appreciable amounts of calcium and tungsten in the solution left after the experiment. 


For the purpose of producing larger crystals, an amorphous powder of CaWQO, wasdissolved and the 
cooling time was increased. After first maintaining the temperature at 380°C and the pressure at 300 atmos for 
several days (50 hours) gradual cooling took place, The result of such re-crystallization was the production of 
well-faced transparent crystals of scheelite (Fig. 1). The crystals were distributed in the form of nodes over the 
walls in the bottom part of the autoclave, The average size of the crystals was 0.3-0.5 mm; they have a pseudo- 
octahedric habit; well developed e {112} faces; some of the crystals show p 3011} faces. In some crystals, fine 
gas-liquid inclusions can be seen under the microscope. When the crystals are exposed to x-rays, a blue lumines- 
cence is observed, 


After the experiment, the solution had a dark brown color, and the crystals were covered with a thin gray 
coating, attributed to the influence of the autoclave material. It is evident that further experiments will have to 
be carried out with the use of a silver-lined autoclave. 
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THE PROBLEM OF THE EFFECT OF MECHANICAL AGITATION 
AND ULTRASONIC VIBRATIONS ON THE PROCESS OF 
IMPURITY TRAPPING BY =<SINGLE CRYSTALS 


E. M. Akulenok, Kh. S. Bagdasarov and V. la. Khaimov-Mal'kov 


We have made some experiments to study the effect of agitation on the process of molecular impurity 
trapping by the faces of single crystals. 


The experiments were carried out on single crystals of alumino-potassium alums. Methylene blue dye was 
used as impurity. Since impurity consisting of this dye is generally trapped by the cube faces of alumino- 
potassium alums, these faces were subjected to examination, 


Fig. 1. Fig. 2. 


In some experiments, agitation was effected by means of a rotary stirrer and in others by means of ultra- 
sonics, a qualitative connection between the trapping of impurity and the degree of agitation being obtained. 


Figure 1 shows the photograph of the polished surface of a single crystal with impurity, grownin the following 
conditions, The crystal first grew in static conditions and then the solution was agitated by means of a stirrer, 
the speed of rotation of which was increased and diminished in steps, In Fig. 1, the dark colored areas, corres- 
ponding to minimum intensity of agitation, have maximum impurity content, 


With a view to utilizing the acoustic currents set up in liquids by the action of ultrasonic vibrations, 
experiments were made to study the effect of ultrasonics on the trapping of impurities by a single crystal. Ir- 
radiation was carried out for 8 hours at a frequency of 2 cps.* The approximate intensity of the ultrasonic 
vibrations in the solution was 0.1 w/cm®, The polished surface of a single crystal grown in conditions of ultra- 


sonic irradiation is shown in Fig. 2. 


For comparison, the crystal was first grown in static conditions (the dark area in Fig. 2, corresponds to this), 
and then the ultrasonic field was applied. 


The similarity of the effect of mechanical agitation (Fig. 1) and that of ultrasonic irradiation (Fig. 2) 
leads one to believe that the character of the effect is identical in both cases. The nature of the phenomena 
described permits the conclusion that the quantity of impurity trapped by a single crystal decreases with increase 
in the intensity of agitation of the solution. 


* As in original — Publisher's note, 
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It is considered that the phenomenon may be used for controlling the process of impurity trapping in crystal- 
lization from either a solution or a melt, 


The author thanks A. V. Shubnikov for the interest shown in this work. 
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NEW METHOD OF PRODUCING VERY HIGH GAS PRESSURES 


SSB Olesinra 


In the course of some work on the crystallization of substances at very high pressures, it was found that none 
of the available methods of producing high pressures was able to ensure the required pressure and purity of the 
compressed gas, We were thus compelled to make a search for new methods of producing very high gas pressures. 


The gas compressors currently used in industry and in laboratory practice may be divided into two main 
groups, according to the principle on which the compression of the gas is effected in them. The first group 
includes piston and rotary compressors, in which volume compression is used. To the second group belong centri- 
fugal turbocompressors, axial compressors and also injection compressors. In compressors of the last-mentioned 
type, compression of the gas takes place by the conversion of the kinetic energy of the gas stream into pressure 
energy. Of all the forms of compressors for producing high pressures, piston compressors alone have found applica- 
tion. In these compressors, the compression of the gas is produced by the reciprocal motion of the pistons, 


Y 


oN 
ith, 


SN 


Fig. 1. Diagram of pistonless thermal compressor. 


Piston compressors for pressures of 100-1000 atmos are utilized in industry and are perfectly satisfactory in opera- 
tion, but compressors for 1500-5000 atmos cannot yet be regarded as standard, but as special, complicated equip- 
ment, principally of laboratory type [1]. This is due to the considerable constructional and technical difficulties 
encountered in the design and manufacture of such compressors, Piston compressors also suffer from a number of 
other drawbacks: 1) contamination of the compressed gas with lubricant substances; 2) low productivity; 3) com- 
paratively low operating reliability; 4) high cost and 5) necessity for skilled attention, All these negative quali- 
ties of piston compressors arise from the presence of seals for the moving pistons and piston rods, 
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The present article describes a pistonless thermal compressor, in which the drawbacks enumerated above 
have been completely or partly eliminated, In this compressor, the only moving parts are valves. 


The working principle of the thermal compressor is the utilization of the expansion of gases when they are 
heated. The mode of operation of such a compressor can be appreciated by a consideration of Fig. 1. The diagram 
shows four high-pressure cylinders 3-6, situated in a cooling bath 8 and connected together by steel tubing with 
systems of valves Ky-K,, which pass the gas only in one direction (in the diagram from left to right). Each 
cylinder is equipped with an internal electric heating element 7. 


On opening the valve 1, the entire installation is filled with gas at a pressure approximately equal to the 
pressure of the gas in the gas cylinder 2, The electric heating element in cylinder 3 is then switched on, The 
gas in this cylinder, due to thermal expansion, passes partly into the next cylinders 4-6, thereby increasing the 
pressure in them by a certain amount. The gas in these cylinders will be at approximately room temperature, 
since on its passage through the capillaries, it gives up its heat to the cooling bath 8, The element in cylinder 
3 is then switched off and the element in cylinder 4 is switched on. The gas in this cylinder expands by heating, 
and a certain portion of it, cooling on the way, passes into cylinders 5 and 6, thereby increasing the pressure in 
them to a certain value. The procedure is continued until all the cylinders have been used. 


Figure 1 shows four cylinders, but their number may be increased or reduced according to the demands which 
the compressor has to meet. On heating the gas in the last cylinder, the first compression cycle is completed. 


When the process of successively switching the heating elements on and off has been carried to the last 
cylinder, the gas in the first cylinder 3 will have had time to cool fully, and its pressure becomes less than the 
pressure in the gas cylinder 2, Due to the equalization of pressure, some of the gas from the gas cylinder 2 passes 
into cylinder 3, The second thermal compression cycle then commences: the gas in cylinder 3 is again heated, 
some of the gas, due to thermal expansion again passes into cylinder 4, being cooled in the capillaries on the way, 
and so forth, until the process of successively switching the heating elements on and off has again reached the 
last cylinder. The third thermal compression cycle then commences, and so forth, 


Connection and disconnection of the electric heating elements in the cylinders is effected by means of 
special automatic switching devices 9. 


On the basis of the laws of thermodynamics, it is possible to calculate for the case of an ideal gas and a 
compressor consisting of four high-pressure cylinders with elements enabling the gas to be heated to 800°C and 
fed from a gas cylinder at a pressure of 150 atmos, the pressure in the last cylinder will exceed 2500 atmos, even 
after the third cycle. 


We have constructed a thermal compressor as described above with 4 working cylinders of stainless steel 
mark IalT, The internal volumes are, respectively 2130 ml, 1360 ml, 500 ml and 480 ml. The cylinders are 
accommodated in a bath 8 containing 1.5 m? of water. Inside each cylinder, filling its working space are nichrome 
heating elements on mica insulators, The power consumption of the elements in the cylinders is respectively 
9, 7, 6 and 5 kw, so that the mean power consumption of the installation is approximately 7 kw. In a control 
experiment, nitrogen supplied by a gas cylinder at a pressure of 150 atmos was compressed. The vessel into which 
the gas was pumped had a volume of 200 cm®. After the compressor had been operating for 11 minutes, the 
pressure in this vessel increased to 2000 atmos, while the temperature in the cylinders during the coperation of the 
thermal compressor did not exceed 30-40°C, (In this experiment, there was no water cooling, since the bath 8 
was not filled with water.) 


Thus, the method of thermal compression described and a thermal compressor working on this method of 
compressing gas permit: ’ 


1) the production of much higher gas pressures than is allowed by methods existing heretofore, in view of 
the alsence of seals for moving pistons and piston rods; 


2) the elimination of the use of lubricant, and hence the production of compressed gas uncontaminated 
by lubricant substances; 


3) a considerable cheapening and simplification of both the manufacture and service of compressors. 


By such a method, it is possible to compress not only gases but steam-gas mixtures, for which purpose it is 
merely necessary to use heating elements which do not oxidize at a high temperature, for example platinum 
heating elements, 
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We consider that the method we have developed for producing very high gas pressures may be employed in 
both laboratory practice and in industry. 
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and up-to-date information of the results of research in the U.S.S.R. - | Se 


Soviet Physics—Technical Physics aoe cee Bah 
A translation of the “Journal of Technical Physics” of the Academy of Sciences of the USSR. The - a: Sah 
translation began with the 1956 issues. Twelve issues per year, approximately 3,000 Russian pages. = 
Annually $75.00 domestic, $79.00 foreign. Libraries* $35.00 domestic, $39.00 foreign. Back numbers, oe = 
all issues $8.00. ee 
—— 


Soviet Physics — Acoustics ha = 


A translation of the ‘ Journal of Acoustics” of the Academy of Sciences of the U.S.S.R. The translation z 
_ began with the 1955 issues. Four issues per year, approximately 400 Russian’ pages. Annually Paes 00- 
domestic, $14.00 foreign. (No library discounts.) Back numbers, all issues $4.00. —— 


Soviet Physics— Doklady . Fe ee = 
: 2 

A translation of all of the “Physics Sections” of the Proceedings of the Academy of ‘Sciences is the oe 
U.S.S.R. The translation began with the 1956 issues. Six issues per year, approximately 1,500 Russian pages 
Annually $35.00 domestic, $38:00. foreign. Libraries* $15.00 domestic, $18.00 foreign. Back numbers for =e 
Volumes 1 and 2, $5.00 per issue; Volume 3 and subsequent, $7.00 per issue. — SF s 
Soviet Physics—JETP = = a0 a = = oe ae Se 
A translation of the “Journal of Experimental and Thaosuclk Physics” of the Academy of Sciences of — = 

the U.S.S.R. The translation began with the 1955 issues. Twelve issues pet year, approximately 4,000 Russian _ 2 
pages. Annually $75.00. domestic, $79.00 foreign. Libraries* $35.00 domestic, as 00 foreign. Back memes SS = 
all issues $8.00. . ae Be = 
Soviet Physics — Crystallography ; : M5 SS Se 


A translation of the journal “Crystallography” of the Academy of Sciences of the USSR. The | - 
translation began with the 1957 issues. Six issues per year, approximately 1,000 Russian pages. Afnually - 
$25.00 domestic, $27.00 foreign. Libraries* $10.00 domestic, $12.00 foreign. Back numbers, all issues $5.00. a ae 


Soviet Astronomy — AJ = = ee - ag DOE 

A translation of the “Astronomical Journal” of the Academy of Sciences of the U. SS. R. The translation SS _ 
began with the 1957 issues. Six issues per year, approximately 1,100. Russian pages. Annually $25. 00. eos, 
domestic, $27.00 foreign. Libraries* $10.00 domestic, $12.00 pe Back numbers, call issues-$5,00.< = = 


~ 


Subscriptions should be addressed to the American Institute of Physics, 335 East 45th Street, N ab Yor 1 7 NE Y. = 


* For‘libraries of non-profit academic institutions. : zP te : Nt Se 


